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Abstract

There are several different approaches to generating periodic signals using semiconductor
lasers, for example: Q-switching, gain switching or mode-locking schemes. In general the
active or passive mode-locking techniques require the use of a modulator or a saturable
absorber in order to achieve the phase synchronisation. The laser diodes studied in this the-
sis, are demonstrated to operate in the mode-locked regime, while not requiring any direct
or external modulation, nor the saturable absorbtion element in order to achieve the phase
synchronisation. It has been demonstrated previously, that in a multimode semiconductor
laser, the third order nonlinearities of a gain medium resulting in the four-wave-mixing
effects, are responsible for the phase synchronisation and lead to phase locking. The rep-
etition rate of the generated signal is fixed by the free-spectral range of the longitudinal
spectrum. Therefore, with a passively mode-locked laser (PMLL) it is possible to cover a
wide range of frequencies from the Radio-Frequency (RF) to the TeraHertz (THz) domain.
Radio frequency signals generated by semiconductor lasers have many applications in op-
tical communications, such as radio-over-fibre, or all-optical clock extraction. Terahertz
signals are the focus of many research bodies nowadays, due to their interaction with mat-
ter. They have potential applications in areas like: industry, pharmacy, security (military),
telecommunication and medicine. With continuous improvement of materials processing
and technology, new ways of generation and detection of such types of signals have ap-
peared. The key advantage of the optical RF or THz generation is that this type of device
is direct current biased and operates at room temperature. In this thesis, a comprehensive
study of various PMLLs, from distributed Bragg reflector bulk laser to quantum dashed
Fabry-Perot lasers is given, demonstrating the origin of the phase synchronisation in these
structures and some applications for these lasers such as all-optical clock recovery or THz

signal generation.
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Chapter 1

Introduction

1.1 General Introduction and Rationale

The semiconductor laser’s range of applications is expanding. Their compactness, relatively
low power consumption, and feasibility, combined with great operation parameters, allow
for use in many areas. Semiconductor lasers play key roles in today’s optical communica-
tion systems. Fast photonic devices seem to be the only reasonable solution able to cope
with the increasing demand for the networks speed and capacity. At first glance, a single
longitudinal mode operation of the laser device is most desirable from optical communi-
cations point of view. Great improvement in recent years in semiconductor laser science
and technology allowes to achieve excellent parameters of such devices in terms of spectral
purity, stability and emitted power. However, it has also allowed for better understanding
of the mechanisms affecting the optical fields inside the active semiconductor material, and
opened new possible areas of applications for devices operating in a multicolour regime.
Advances in epitaxy resulted in techniques like gas source molecular beam epitaxy (GS-
MBE), which allows controlling growth on the atomic scale, and makes it possible to create
active materials based on quantum dots, while quantum well based devices manufactured
in metalorganic vapour phase epitaxy (MOVPE) processes are most commonly used nowa-
days. Better control over the epitaxial growth and regrowth processes resulted in develop-

ment of new sophisticated techniques and improvement of those already known, allowing



engineering of the spectral output of the laser diode in terms of emission wavelengths, num-
ber of longitudinal modes and separation frequency between those. Such laser diodes can
operate in a stable multimode regime. Parameters of the optical modes present in the out-
put spectrum of such multimode semiconductor laser are nearly as good as the ones which
originate from a single-mode semiconductor device in terms of wavelength stability and
optical linewidth. However, they can also benefit from the nonlinear nature of the semi-
conductor material that they simultaneously originate from, which can result in correlation
of the phase noise associated with each mode and lead to high coherence between them.
While the semiconductor laser operates in the multimode regime, and there exists a mech-
anism providing the phase information exchange among the modes inside the laser cavity,
pulse stream formation may occur as a result of mode-locking. Very short pulse durations
with repetition rates reaching terahertz frequencies are possible. Generation of signals re-
lated to the free spectral range is possible via photomixing providing that a sufficiently fast
photodetector is used. Signals generated in this fashion feature a stable central frequency
which spans from RF to terahertz band, as the separation between optical modes is limited
by the gain bandwidth of the active structure and can reach up to several terahertz. Addi-
tionally the linewidth of such a signal can benefit from the phase correlation of the modes
originating from a single semiconductor cavity. Furthermore, as a result of strong nonlinear
interactions between electro-magnetic fields associated with laser modes, the semiconduc-
tor active material undergoes modulation with the frequency corresponding to the beat tone
produced by the longitudinal modes difference frequency. An extensive experimental study
of three different types of semiconductor laser structures operating in a multi longitudinal

mode regime is described in this thesis.

1.2 Thesis Overview

This dissertation consists of eight chapters of which the first comprises this introduction
and the remaining are organized in the following order:

Chapter 2 contains a basic background associated with operation of semiconductor



laser. Information provided spans from an ordinary p-n junction based laser to sophisti-
cated quantum structures utilized as an active medium. A number of techniques used for
profiling of the spectral output of semiconductor material based laser is presented, all of
which were developed in order to achieve single longitudinal mode operation. However,
when such a technique is applied in a proper manner this can lead to multi longitudinal
mode operation. Among others, the method based on introduction of a one-dimensional
photonic bandgap along the laser cavity in order to control its spectral output is presented,
as many experimental examples of multimode operation of such a semiconductor laser are
presented and discussed across this thesis.

Physical interactions of the electro-magnetic fields associated with the number of opti-
cal longitudinal modes inside the semiconductor laser cavity are analyzed in Chapter 3. Dif-
ferent mode-locking scenarios are presented, and the chapter concludes with a discussion
of the mode-locking via four wave mixing interactions in a single section semiconductor
laser.

Chapter 4 deals with generation of radio frequency signals by semiconductor lasers
operating in a multimode regime. The presence of passive mode-locking mechanisms in
tested structures is experimentally investigated.

The formation of short optical events with high repetition rates as a consequence of
passive mode-locking by laser diodes of different structure is studied in Chapter 5.

In Chapter 6 the ability of the multimode semiconductor lasers introduced in former
chapters to alter the free running frequency to the externally injected signal is demonstrated.
This leads to potential applications as a clock recovery elements in all-optical communica-
tions systems.

The ability to generate terahertz signals by multimode semiconductor lasers is discussed
and experimentally investigated in Chapter 7. Terahertz generation by direct and indirect
means are demonstrated.

The thesis is concluded in Chapter 8, with a brief discussion of possible further research

directions linked with the scope of presented work.



Chapter 2

Semiconductor lasers

The aim of this chapter is to provide a brief background on the physics of the devices that

are the subject of discussion and investigation in subsequent chapters.

2.1 Laser - Introduction

The word laser emerged as an acronym for light amplification by stimulated emission of
radiation. The first laser action at optical wavelengths was proposed in 1957 by Schawlow
and Tones [1], and demonstrated in 1960 by T.H. Maiman [2]. It followed presentation of
the maser (microwave amplification by stimulated emission of radiation) in 1954 by C.H.
Townes, N.G. Basov and A.M. Prokhorov. The principle underlying both is a process of
stimulated emission introduced by A. Einstein in 1917 [3]. The research and development
of lasers has been vast since then, and new applications for such are being found on nearly
daily basis in present times [4]. Today various types of semiconductor lasers are used as
a source of coherent light for various applications, including optical fibre communication
systems and optical disk memory systems. Advanced functions and high performance have
been realized through distributed feedback and quantum well lasers following the develop-
ment of Fabry-Pérot type lasers. Accordingly new applications previously unfeasible (or
difficult with other conventional lasers) have been found, and replacement of gas and solid-

state lasers is in progress [5]. The laser is an optical oscillator, which comprises an optical



amplifier with a positive feedback. The oscillation process may be initiated by the noise
containing frequency components lying in the gain bandwidth of the amplifier, and contin-
ues to grow until saturation of the amplifier gain is reached and the system settles in a steady
state with an output signal at single or multiple resonant frequencies. Two conditions have
to be satisfied for such a process to occur: the amplifier gain must equal the losses in the
feedback system and phase shift in a single round trip must fulfill the condition of positive
feedback (in particular to be an integer multiple of 27). Once saturation of the amplifier
occurs, gain is reduced from its initial value and in stable condition the gain compensates

for the losses in the system, and a steady state oscillation occurs.

2.2 Semiconductor laser

The laser is an externally pumped, self sustained oscillator, and consists of a gain medium
placed into an optical resonator, which provides necessary feedback [6]. A semiconductor
laser comprises of gain medium which is an electrically pumped, forward biased p — n
junction (diode), where charge carriers injected into a thin active region may contribute to
the optical gain. The optical feedback can be provided by the edges of the semiconductor
material, cleaved along the crystal planes. Refractive index difference created at the contact
of the cleaved facet and the air act as a reflector. If the gain coefficient is sufficiently large,
and a phase condition for positive feedback is satisfied, such semiconductor crystal forms
an optical oscillator, or in other words a laser. External pumping is governed by injected
current density J. The threshold condition is achieved when the injected current density
equals a value Jy;,, at which optical gain is sufficient to overcome the losses [6, 7]. This
type of device is called a semiconductor injection laser or a laser diode (LD).

In semiconductor laser, electrons contributing to the processes of spontaneous emission,
absorption, and stimulated emission as depicted in Fig. 2.2, should be treated collectively, as
they interact with each other through various intraband processes. The electrons and holes
diffuse spatially, which leads to a spatially inhomogeneous gain profile, and spatial variation

of the optical mode through stimulated emission. The optical modes in semiconductor laser
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Figure 2.1: Schematic picture of semiconductor laser.

resulting from dielectric wave-guiding, are transverse electric (TE) or transverse magnetic
(TM). The cold-cavity modes are affected by external pumping (the injected current density
J), which changes both the gain and the refractive index, and has an impact on the operating
characteristics of the laser diode [6].
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Figure 2.2: Photon-electron transitions in semiconductor material: a) absorption, b) spon-
taneous emission, ¢) stimulated emission.

2.2.1 Light amplification

The gain coefficient yy(v) of a semiconductor laser amplifier has a peak value +, can be

approximated proportional to the injected current density J [7].
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Jp = —Angp (2.2)

where 7, is the radiative electron-hole recombination lifetime, 1; = 7/7, is the internal
quantum efficiency with 7 being carrier lifetime, [ is the thickness of active region, « is
the thermal equilibrium absorption coefficient, and Any and Jr are the injected carrier

concentration and current density required to achieve the semiconductor transparency.

2.2.2 Optical feedback

The optical feedback is usually provided by cleaved crystal planes normal to the junction
plane. In such case, the active region of the p — n junction serves as an optical resonator

of length L, with planar mirrors. The reflectance at the semiconductor-air contact can be

n—1\2
R:<n+1> 2.3)

with n being the refractive index of the semiconductor material.

written as [7]:

2.2.3 Resonator losses

Dominant loss of the resonator results from partial reflection at the facets. For the resonator

of length L, and reflectance of the mirrors R; and R», their total loss o, can be written [7]:
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with a1 and a2 losses on both mirrors respectively.This loss includes the useful, trans-

mitted part of light. The total loss coefficient o, can be written in the form [7]:

Or = Og + Oy (2.5)

where o represent other sources of loss, like free carrier absorption in semiconductor and
scattering from optical inhomogeneities. The part of the optical field outside the active

layer - in perpendicular direction to its plane - also contributes to the overall loss. Losses



caused by this effect can be taken into account by definition of the confinement factor I in
order to represent the part of the optical field lying in the active region and assuming that
the remaining part isunaffected by gain. Then I' is the ratio by which the gain coefficient g
should be reduced or the loss coefficient increased. To follow the latter, the loss coefficient
takes a form [7]:

Qp = %(as + am) (2.6)

2.2.4 Gain condition

In order to satisfy the laser oscillation condition, the gain must equal the losses, v, = .

The threshold gain is then equal to the loss o [7]:
T'g=a, 2.7

and then the threshold current density .J; can be found from [7]:

g, = oy (2.8)

«

2.2.5 The p-n junction lasers

In a semiconductor lasers a p-n junction serves as the active medium. In order to achieve a
laser action, requirements for population inversion and optical feedback have to be fulfilled.
To obtain stimulated emission, there must be a region of the device where there are many
exited electrons and vacant states (i.e. holes) present together. This can be achieved by
forward biasing a junction formed from heavily doped materials denoted as p+ and n+. In
such type of semiconductors Fermi levels may lie within the valence and conduction bands
in case of type p+ and n+ respectively. The equilibrium and forward biased energy bands
are presented in Fig. 2.3. When forward bias voltage is nearly equal to the energy gap
voltage E, /e, electrons and holes injected across the junction are in sufficient amounts to
create a population inversion in a narrow zone called active region. In case of direct band-

gap materials such as GaAs, electrons and holes have a high probability of recombining
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Figure 2.3: Energy band distributions of a p-n junction.

radiatively. The recombination radiation may interact with electrons in the valence band
and be absorbed, or interact with electrons in conduction band and stimulate production of
photons of the same energy:

2.9

UV =

Ey
h

For a high enough injection current, stimulated emission can exceed absorption process
and optical gain can be achieved in the active region.

The optical feedback is provided by reflections form the interface between material
and air due to high value of the refractive index of the semiconductor material as given by
Equation 2.3. Reflectance provided is sufficient even though it is only about 0.32 for Ga As.

The end facets of the diode are created by cleaving the device along natural crystal
planes normal to the plane of the junction and in such a form create a resonant cavity.
Additional optical coating may be applied on the facets. The radiation generated in the
active region spreads out into the surrounding material (GaAs); however there is some
confinement of the radiation within the region called mode volume. The refractive index
in the active region is affected by additional carriers and effectively increased to a higher
value than surroundings what results in formation of dielectric waveguide. The onset of

laser action at the threshold current density can be detected by an abrupt increase of the



radiance of emitting region which is accompanied by a narrowing of the spectral width of

emission [5] following the relation between optical linewidth Av and optical power P:

1
Av 2 (2.10)

2.2.6 Heterojunction lasers

Use of heterojunction instead of homojunction in the semiconductor laser allows for signifi-
cant reduction of the threshold current density, and a stable CW operation at room tempera-
ture conditions. These are achieved because of better optical and carrier confinements. The
origin of these properties in the heterojunction based on a GaAs layer sandwiched between

wider band-gap, Al,Ga,_1As, is presented in Fig. 2.4,
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Figure 2.4: Heterostructure based FabryP’erot laser. Scale not maintained.

Both carrier and photon confinements can be achieved simultaneously by use of the
double heterojunction, which is shown in Fig. 2.5 and Fig. 2.6. Band-gap energy dif-
ferences from potential barriers in conduction and valence bands prevent diffusion of the
electrons and the holes injected into Ga As layer, which becomes an active region. There is
also a step change in the refractive index, which leads to improved wave-guiding compared

to the devices based on homojunction.
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Figure 2.5: Energy bands diagram of a double-heterostructure in equilibrium state.
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Figure 2.6: Energy bands diagram of a double-heterostructure with forward voltage applied
and refractive index variation level across such a structure.

2.2.7 Quantum well lasers

A double heterojunction, that consists of a layer of a semiconductor material, whose thick-
ness is around or less than its de Broglie wavelength (around 50 nm for GaAs) [5], and a
band-gap smaller than that of the surrounding material, forms a quantum well as depicted
in Fig. 2.7.

The increased density of states in the narrow semiconductor layer, at the bottom of the
conduction band and at the top of the valence band, makes achievement of population inver-
sion easier, while small volume of active region leads to further reduction of the threshold

current in the quantum well lasers. Quantum well lasers are also characterized by a low
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Figure 2.7: Band diagram of stimulated emission from single quantum well, after [5].

temperature sensitivity. In a single quantum well (SQW) structure as depicted in Fig. 2.7
the narrowness of its active region results in poor optical confinement, and results in a
lower gain. One approach to minimize the low confinement is to use the multi quantum

well (MQW) structure, Fig. 2.8.
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Figure 2.8: The energy band diagram of MQW structure. The light confinement occurs
between cladding layers, after [5].

In such a device, several quantum wells of GaAs may be coupled by AlGaAs barrier
layers. This is results in the increase of a thickness of the active region, which allows carri-
ers which were not captured and recombined in a first well, to be captured in a subsequent
one. MQW based lasers have higher value of threshold current than SQW devices, however
they are able to emit more power, and offer better optical confinement.

Both optical and carrier confinements can be further improved by incorporation of

cladding layers and separate confinement heterostructure (SCH) layers. The refractive in-

12



dex of the SCH layers is greater than that of cladding layers, assuring total internal reflection
at the boundary. The energy gap of SCH and barrier layers is between those of cladding
layers and quantum wells to confine the charge carriers between cladding layers. Cladding
layers are n- and p-type doped while MQW layers are undoped. Under forward bias con-
dition electrons and holes are injected from cladding layers, diffuse across SCH layers and

recombine in MQW structure.

2.3 Spatial distribution

The transverse modes in semiconductor laser can be determined by analysis of the rectan-
gular optical waveguide with dimensions [ and w corresponding to the dimensions of the
active region. In most cases, semiconductor lasers (usually double-heterostructure), [/ Ao
is small enough to admit only a single mode in the epitaxial growth direction. However
the w dimension is usually larger than )\, which allows for the waveguide to support sev-
eral modes in direction parallel to the plane of the junction. Modes that are parallel to the
junction plane are called lateral modes. Reduction of the number of lateral modes can be
achieved by reduction of the dimension w of the active layer, which also results in reduction

of the threshold current.

2.3.1 Stripe geometry semiconductor lasers

Improvement in the meaning of the reduction of the threshold current can be made by
the reduction of the junction plane into a narrow stripe [5]. Stripe geometry lasers offer
a smaller area that radiation is emitted from, which results in a more stable output when
compared to the other types of lasers, and also makes it easier to be coupled to the optical
fibres. The emission filament is not uniform along the active region, which results in its
lateral displacement. This effect is caused by interactions of the optical and carrier densities
and arises from refractive index profile. Wave-guiding can be achieved only by carrier
distribution in the active region. Thus the use of the narrow stripe regions reduces possibility

of the displacement of the radiation filament, hence improves lateral output stability.
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2.3.1.1 Gain guided structures

Structures in which the width of the gain section is determined by the restriction of the
extent of the current flow are referred to as gain guided, the example of such a structure is
shown in Fig. 2.9.

metal contact
high resistivity

# L material

electrical
carriers
distribution

/ photon

" distrubution

AVAVAVAVAVAS 2

M emitted light
X

p-type GaAs

p-type AlGaAs

p-type GaAs
n-type AlGaAs

n-type GaAs

L

Figure 2.9: Gain guided stripe geometry lase structure. High resistivity layer restricts cur-
rent injection to narrow extent in lateral (y) direction.

2.3.1.2 Index guided structures

Stripe structure lasers can also be created by formation of the optical waveguide with use
of index guided structures. These can be realized as a buried heterostructure, where the
active region is surrounded by regions with a lower value of refractive index, Fig. 2.10.
An alternative option is to introduce a change in the thickness of the layer next to the
waveguide, which results in effective refractive index changes in the active layer, Fig. 2.11.
Index guided structures are more difficult to fabricate than gain guided structures, but they

offer better optical confinement, which leads to more stable operation.
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Figure 2.10: Buried heterostructure laser diode. Active layer is surrounded by semiconduc-
tor material with lower refractive index, which results in light confinement.
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Figure 2.11: Edge emitting laser diode featuring ridge waveguide. Lateral change of thick-
ness in a top layer of semiconductor material results in a step change of the effective refrac-
tive index in the active layer underneath such as n’ > n.

2.4 Spectral distribution

It is desirable from the view of many applications that the laser should operate in a single
longitudinal mode regime. The gain curve of the semiconductor structure covers a number
of longitudinal modes supported by the laser cavity length, so the output of a simple semi-

conductor laser based on a Fabry-Pérot resonator, being biased above the threshold, consists

15



of many longitudinal modes separated by free spectral range (FSR), characteristic for a res-

onator of given length, as schematically depicted in Fig. 2.12. Spectral distribution of the
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Figure 2.12: a) Lorentzian gain curve with 600 G H z bandwidth, b) Fabry-Pérot modes for
350 pwm long resonator; c) Cold cavity modes, FSR at 123 GH z corresponding to given
cavity length and 3.5 refractive index.

generated light in semiconductor lasers is determined by both the gain profile of the active
medium including its homogeneous or inhomogeneous broadening, and resonator modes.
Only a finite number of oscillation frequencies is possible. Cold cavity modes - no chro-
matic dispersion or mode pulling effects taken into account - are presented, and as a result,
only a finite number of discrete frequencies is possible, with a free spectral range (FSR)
between them of vy = ¢/2L. However, the power distribution among these possible modes
depends on the nature of broadening mechanism [7]. The linewidth of each laser mode
is limited by Schawlow-Townes linewidth [1], which decreases inversely with the optical
power. Most of the lasers have larger values of the linewidth than the Schawlow-Townes
limit, due to extraneous effects such as acoustic and thermal fluctuations of the crystalline
structure.

There have been many efforts in order to develop techniques of a spectral tailoring of

the output of the semiconductor laser, with the aim of achieving a single mode operation.
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Some of those techniques can be also be used, in order to produce a multimode output,
with controlled FSR and number of lasing modes. There are potential applications for such
a multimode laser diode, such as clock recovery or short pulse generation as it will be
proposed in further chapters. Reduction of the length of the laser cavity, in order to increase
the FSR to the value at which only one resonant frequency will be in the scope of the gain
of used semiconductor material could be a solution, however this also leads to reduction of
the power emitted by the device. Therefore a number of techniques based on the coupled

cavity or Bragg’s effect schemes, have been developed and are in practical use nowadays.

2.4.1 Bragg reflector

A Bragg reflector can be formed by periodical corrugations which form a grating. Such
grating results in periodical perturbations of the refractive index in the active region and pro-
vides feedback by means of Bragg scattering and leads to coupling between fields propagat-
ing in both directions [6] along the laser cavity. Bragg condition expressed by Equation 2.11
governs the mode selection mechanism, coherent coupling between counter-propagating

waves occurs for wavelengths ), inside the laser, satisfying the Bragg condition:

A=—Cm 2.11)

where A represents the Bragg diffraction length, and m being an order of this diffraction
(m = 1 for a grating of first order). First lasing device based on structure comprising a
Bragg reflector was reported by Kogelnik and Shank [8].

Number of structures have been developed making use of this effect, some of which are

described in following sections.

2.4.2 Distributed Bragg reflector laser

A Distributed Bragg reflector (DBR) laser operates on the Bragg’s scattering principle,
where distributed feedback is placed outside of the active section. The DBR laser employs

the grating, which is etched at one or both unpumped cavity ends, which then act as wave-
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length dependent mirrors.
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Figure 2.13: Schematic picture of distributed Bragg reflector laser. The grating etched at
both ends of the cavity, provides wavelength dependent feedback.

This type of a laser diode can be designed to operate in multi longitudinal mode output,
and the example of such a laser will be experimentally investigated in further chapters of

this dissertation.

2.4.3 Vertical cavity surface emitting laser

A special kind of DBR laser is a vertical cavity surface emitting laser (VCSEL). In the
VCSEL the resonant cavity is perpendicular to the active region plane, as opposed to the
previously described edge emitting structures, where the resonant cavity was in plane of
the active region. The mirrors in the form of the Bragg reflectors at the top and bottom
of the wafer form a resonant cavity Fig. 2.14. Reflectivity of the mirrors is much higher
than those in the edge emitting devices in order to compensate for lower gain due to much
shorter length of active medium [5].

The active region of the VCSEL device is usually smaller than 1 pm, and comprises
SQW or MQW structure. Considerable efforts have been put into research of mode-locked
lasers based on VCSEL structure, an example of this type of the mode-locked laser is dis-

closed in chapter 3.
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Figure 2.14: Structure of VCSEL laser diode.

2.4.4 Distributed feedback laser

In distributed feedback (DFB) lasers, the feedback necessary for lasing is not localized at
the facets of the device but is distributed through the device’s cavity [6]. This is achieved
by etching periodical perturbations in the thickness of one of the layers composing the
heterostructure, as schematically depicted in Fig. 2.15. For a single longitudinal mode
operation a \/4 step has to be introduced in the middle of the grating.

. metal contact
/4 phase-shift

grating

emitted light

metal contact

Figure 2.15: Schematic picture of distributed feedback laser. The grating etched in the top
cladding layer results in perturbations of the effective refractive index in the active layer.
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2.4.5 Slotted Fabry-Pérot

A semiconductor laser based on the ridge waveguide structure which features shallow
etched grooves (slots) at the top of the ridge waveguide, forms a so called slotted Fabry-
Pérot laser diode. The ridge is 2 pm high and 2.5 um wide, while the slots are around 1 pm

in depth and length and span across the ridge as presented in Fig. 2.16.
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Figure 2.16: Slotted Fabry-Pérot laser schematic structure of the device, scale not main-
tained.
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Figure 2.17: Scattering Electron Microscope image of a wafer bar consisting of FP lasers
with slots introduced at the top of the ridge waveguide.

These grooves result in perturbations of the effective refractive index in the active re-

20



gion underneath. Top plane of the slot can take different shapes in order to introduce dif-
ferent gradients of the refractive index for example rectangular will result in step, while
trapezoidal provide gradual change. An example of 1 mm slotted FP laser is presented in
Fig. 2.17, where scattered electron microscope is used to investigate surface of the wafer bar
consisting of multiple of slotted FP lasers, magnification of a single slot is also depicted with
longitudinal dimension provided. These features on the waveguide, followed by refractive
index variations along the laser cavity, act as a one-dimensional photonic band-gap. This
effectively allows for optical filtering of the laser output initially predefined by resonator
length and the gain profile of used active material [9]. These have a two-fold application:
allows for selection of a single longitudinal mode and improve its spectral purity (reduce
the linewidth) or select a number of modes allowed by laser cavity and gain profile at given

bias and temperature conditions.

2.5 Summary

This chapter provided the basics of the operation of semiconductor lasers. Various active
material structures and wavelength selection approaches were presented that are presently
being used in many applications or actively investigated in research laboratories.

Three types of multimode lasers based on DBR, FP, and slotted FP approaches with
active cores made of bulk, quantum well, and quantum dash semiconductor materials, will
be investigated through this dissertation, and potential applications for such laser diodes

will be demonstrated.
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Chapter 3

Passively mode-locked

semiconductor lasers

3.1 Mode-locking introduction

Mode-locking is a process of generation of inter-modal phase correlations in the laser cavity
[1-3]. Thus, the mode-locking is also often referred to as phaselocking. If there are several
longitudinal optical modes present in the laser cavity at the same time and a fixed phase
relationship between those optical modes exists, short pulse formation occurs. This phase
relationship can be introduced by a variety of techniques, which are mainly divided in two
groups: active and passive. Pulse repetition rates achieved from such lasers correspond to
the round-trip time of the resonator in case of fundamental mode-locking, and its multiples
in case of harmonic mode-locking. Repetition rates can be as high as several hundreds of
G H z [4], while pulse durations can be a few femtoseconds [5].

Synthesis of a pulse train can be considered as a superposition of electric fields associ-
ated with axial modes of a resonant cavity of the mode-locked laser, as shown in Fig. 3.1.
The following formula is used to simulate coherent interaction of n electromagnetic fields

resulting with total field F};:

n
Bt =Y Ej 3.1)
k=1
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Figure 3.1: Pulse train synthesis from a number of sinusoidal waves. Plots a), b), ¢) and d)
represent the intensities of electromagnetic fields corresponding to superposition of 2, 3, 4
and 5 axial laser modes respectively.

where Ek represents the electromagnetic (EM) field associated with each k-th mode as

follows:

Ex(t) = Ap(t)exp(—j(wit — ¢ (1)) (3.2)

with amplitude Ay, angular frequency wy, = 27y with the linear frequency vy being an
integer multiple of the FSR, ¢, its instantaneous phase fluctuations, and i the polarization
vector. Spatial dependence of the electromagnetic field is neglected in Equation 3.2, and
further analysis. For the simulation results shown in Fig. 3.1 a fixed phase between con-
tributing optical modes is introduced equal to the free spectral range between them without
any random phase fluctuations (¢ (t) = 0), which resembles the ’perfect’” mode-locking
condition.The increase of the number of contributing optical modes broadens the spectral
content, however this results in shorter pulse duration. Examples of the intensities of the
fields resulting from different number of contributing longitudinal modes are shown in parts
a, b, c and d of Fig. 3.1.

Fixed phase relationship between frequency components assures a constructive super-

position of all electric fields at regular temporal intervals, as depicted in Fig. 3.2 (a). A
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signal resulting from the same frequency components with the same amplitude but with
limited correlation of the phase fluctuations (randomness of the phase in the extent of 7 /2
by setting the value of the ¢y (¢) within such limits with a Gaussian distribution) is shown in

Fig. 3.2 (b), and scenario with completely uncorrelated phases is presented in Fig. 3.2 (c).
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Figure 3.2: Electric field in laser cavity resulting from the same frequency components:
for mode-locked case (a) and random phase relations (b, c).

Therefore the phase synchronization between the electromagnetic fields corresponding
to the optical longitudinal modes present in the laser cavity is a key factor for a mode-

locking process.

3.2 Mode-locking techniques

3.2.1 Active mode-locking

Active mode-locking can be achieved by periodic modulation of cavity losses or of the
round-trip phase changes synchronized with resonator round-trips [3, 6, 7]. This can lead
to the generation of ultra short pulses usually in the order of picoseconds pulse duration.
The modulation can be realized with use of a semiconductor electro-absorption modulator,

an acousto-optic or electro-optic modulator or a Mach-Zehnder integrated optic modulator
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[8] placed inside the laser cavity. With active mode-locking, it is compulsory to precisely
synchronize the modulating signal with the round-trip time of the resonator or a multiple
integer of such, in order to achieve stable operation. A modulator must provide minimum
losses (be in "open’ state) at the time when pulses are passing through it. Even slight fre-
quency detuning between modulator and pulse train can lead to large jittering or chaotic be-
havior. Precise tunning can be achieved by acurate and stable laser setup alignment or by a
feedback circuit adjusting modulation frequency or cavity length accordingly. Regenerative
feedback can be used in means of synchronization that uses detected intensity modulation
of the original pulse train, to produce a modulating signal. Harmonic mode-locking can be
achieved by setting the modulation frequency at integer multiples of the round-trip cavity
time in order to achieve pulse trains with higher frequencies than would be allowed by the

cavity length.

3.2.2 Passive mode-locking

Passive mode-locking (PML) techniques, allow for the generation of optical pulses in the
order of femtoseconds in solid state lasers, and are based on Kerr lens effect [8—12]. These
techniques for semiconductor lasers are based on the nonlinear response of a semiconductor
element - typically saturable absorber (SA), which is able to modulate the resonator losses
faster than a modulator driven by electronic means: the shorter the pulse becomes, the faster
the loss modulation has to be. This is limited by the semiconductor element recovery time.
The pulse duration can be well below this recovery time [13]. The most common way
to achieve PML is by introduction of a saturable absorber (SA) into the laser cavity. The
steady state is considered, when a short pulse is already circulating in the laser resonator.
For simplicity, it is assumed that there is a single pulse circulating, and a fast absorber.
Each time the pulse hits the saturable absorber, it saturates the absorption, thus temporarily
reducing the losses.The absorber can thus suppress any satellite pulses in addition to any
continuous background light. Additionally, it constantly attenuates particularly the leading
edge of the circulating pulse; the trailing edge may also be suppressed if the absorber can

recover sufficiently fast. The absorption element thus results in a decrease of the pulse
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duration; in the steady state this effect balances other effects (e.g. chromatic dispersion)
which tend to lengthen the pulses [13, 14]. In the picoseconds regime of pulse durations,
chromatic dispersion usually has only a weak effect. Nonlinearities, in particular the Kerr
effect, can be significant, depending on parameters such as the length and material of the

laser crystal, the mode area at that place, and the pulse energy and duration.

3.2.3 Hybrid mode-locking

Hybrid mode-locking applies to the laser system which incorporates a combination of ac-
tive and passive mode-locking techniques simultaneously. This type of mode-locking is
common in the applications where the passively mode-locked laser is synchronized with an

external periodical signal [15-17].

3.3 Monolithic cavity mode-locked semiconductor lasers

Mode-locked semiconductor laser components can be realized as an integrated monolithic
semiconductor chip. Active, passive and hybrid mode-locking mechanisms can be imple-
mented this way. Incorporation of a saturable absorber and the external cavity as a semi-
conductor waveguide allows to achieve very small devices without any of the drawbacks of
the mechanical instabilities produced by optical component in an external cavity. Separated
contacts at the top of uniform waveguide along the entire device length provide a variety of
electrical bias configurations to different sections of the device underneath. Devices of this
type offer repetition rates from few GG H z up to 350 G H z [4]. The device based on a multi
quantum well (MQW) with hybrid mode-locking mechanisms was able to produce 2.1 ps

pulses with repetition rate of 500 G H z and pulse energy of 0.04 pJ [18].

3.4 VECSEL mode-locked laser diodes

Passively mode-locked vertical-external-cavity surface-emitting semiconductor lasers (VEC-

SEL) allow for pico- and femtosecond pulse generation with high power outputs that can
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compete with conventional solid state lasers [19]. The semiconductor device may contain
only a single semiconductor Bragg mirror and the active region with typically several quan-
tum wells (QW). The semiconductor structure typically has a total thickness of only a few
micrometers, and is mounted on a heat sink. The laser resonator is completed with an exter-
nal mirror, typically at a distance of between a few millimeters and some tens of centime-
ters. The laser mode size in the semiconductor chip is essentially defined by the external
resonator setup. The external resonator may be closed with additional flat or curved mirrors
and may contain additional optical elements, such as an optical filter for single-frequency
operation and/or wavelength tuning, a nonlinear crystal for intra-cavity frequency doubling,
or a saturable absorber for passive mode-locking [20]. It is also possible to make a mono-
lithic resonator with a micro-lens, in contact with the gain chip on one side, and having an
output coupler mirror coating on the other side [20]. Electrical pumping is the preferred ap-
proach in semiconductor lasers, since otherwise an additional pump laser is required. The
VECSELSs have a gain structure where a ring electrode around the active area injects carriers
into that region, therefore it is difficult to pump large areas uniformly in this way, avoiding a
weakly pumped region at the centre of the active area. Powers achievable with such devices
appear to be limited to the order of 1 W [21]. Optical pumping avoids this limitation; it is
easy in this way to pump arbitrarily large active areas uniformly. Furthermore, the design
of the gain structure is very much simplified, since doped regions for carrying the current
are not required, nor apertures to direct the current flow. The pump light is typically taken
from a high-brightness broad-area laser diode or from a diode bar. Due to the very short
absorption length of the semiconductor gain structure the beam quality of the pump light is
not very important; a poor beam quality only requires working with a strongly converging
pump beam, which requires more space and can in some cases make it more difficult to
arrange the intra-cavity elements. It is possible, however, to achieve tens of watts of output
power, when pumping is realized with a diode bar [22]. The external cavities of VECSELSs
also allow for mode-locked operation with pulse repetition rates of typically a few giga-
hertz, but in some cases below 1 GHz or far above 10 GH z. Particularly with passive

mode-locking of optically pumped VECSELSs, utilizing a laser diode as pump source and
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a semiconductor saturable absorber mirror (SESAM) in the external resonator for mode-
locking, tremendous progress has been achieved since the year 2000. This lead to average
output powers well exceeding 1 W, i.e., being orders of magnitude higher than achievable
with any other mode-locked semiconductor laser. Typical pulse durations are in the lower
picoseconds range, although durations below 1 ps have also been demonstrated [23, 24].
The pulses are sometimes close to transform limited, but strongly chirped in other cases,
depending on details of chromatic dispersion and other issues. It has been demonstrated that
passive mode-locking is possible with a saturable absorber integrated into the gain structure
[19]. Such integrated structures are difficult to grow and are so far subject to serious perfor-
mance limitations. However, in the future they may allow the construction of very compact

and potentially cost efficient mode-locked lasers.

3.5 Passive mode-locking mechanisms in a Fabry-Pérot semi-

conductor laser

Although a saturable absorber is the most common element associated with passively mode-
locked lasers, the nonlinear response of an optically active semiconductor material (active
region of a laser diode) can be sufficient to provide mechanisms for mode-locking [25].
Such behavior is strongly improved when the active region in a laser diode consists of quan-
tum structures, where optical fields intensities inside such region and mutual coupling be-
tween them are increased due to better optical confinement and smaller active cross section
dimensions. An optical field generated in a laser cavity can be expressed as a monochro-
matic wave with slowly varying amplitude as previously defined by Equation 3.2. In the
case of a laser with M longitudinal modes, a mode beating occurs leading to a quadratic

temporal average of a total electric field with the following expression [26]:

M M
(BT =Y {IEP) + YD 2EpEjeos(Qut + (¢5(t) — dk(1))))  (3.3)

k=1 k=1 j#k
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where ; is defined as (w; — wy,) beating between any two modes. Consequently in Equa-
tion 3.3 after Equation 3.2 spatial dependency of the electromagnetic fields is ignored, so it
is in the following analysis. The consequence of this beating is a signal generated at the fre-
quency 25, /27 inducing a modulation of the active medium through third order nonlinear
effects. This results in modulation sidebands generated around the optical modes and a pro-
cess called four wave mixing (FWM) [27]. Interactions between the optical modes inside a

semiconductor laser cavity through the FWM are schematically expressed in Fig. 3.3. For
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Figure 3.3: Schematic representation of the optical modes interactions inside semiconduc-
tor laser via their order nonlinear effects. F1, Fo, F3 represent lasing modes and 57 to S
sidebands resulting from FWM effect.

the sake of simplicity the beating between modes F; and Es is considered and in this exam-
ple can be considered as an origin of mode-locking. This beating results in a modulation of
the gain with the frequency corresponding to the difference frequency between contributing
optical modes v = (w9 — w1 )/27. Such modulation generates equidistant (in the frequency

domain) side-bands S1, S5 and So, S4 around the modes E'; and F» respectively, which can
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be expressed by following equations:

Si=a1-E-F-Ey=qa,-E? Fy (3.4)
So=oqo-Ey-FEy-FEy (3.5)
Ss=a3- By Ey - Fy (3.6)
Si=oay4-Ey-Fy-Ey=0y-Ey - Fj (3.7)

where the oy, are coupling efficiency factors, and E}, are complex conjugates of respective
fields Fj. Sideband S4 whose amplitude and phase are related to both modes £ and Es,
result in pulling the mode E3 from the Fabry-Pérot resonant position (FP resonant ripples
are represented with dotted line, taking in account dispersive nature of the semiconductor)
and correlate the phase of the mode E5 with two other modes. Similar processes result from
beating between modes E5 and E'3 and transfer the phase information to the mode E', and
this could be further extended to larger number of optical modes.

Some of these sidebands can potentially lead to mutual injection among the axial laser
modes supported by the material gain, which in advance provide a mechanism for a phase
information exchange between optical fields, and allow for their phase fluctuations (phase
noise) synchronization. The beat signal at the frequency v can be observed using a photo-
mixing element. The assumption that the phase of each mode is uncorrelated with con-
tributing modes implies that the second term in the right hand side of Equation 3.3 is equal
to zero and so the linewidth of the generated beat signal is equal to the sum of the linewidths
of the optical modes. However, if the modes are phase correlated, this term is non-zero and
the resulting linewidth of the beat signal should be smaller than the summary linewidth
of the optical modes [28], and as a result a hypothesis can be formulated: The beat tone
generated by a multimode laser output experiences a reduction of the spectral width when
compared to the summary linewidth of the optical modes contributing to that beat, when
their phases are interacting in correlated manner or in other words their phase noise is re-

duced and therefore the laser is mode-locked. These can be expressed with the following
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criterion:

AVbeat << Al/opt (3.8)

where Avyeqt and Av,,,; are the beat tone linewidth and the summary optical linewidth re-
spectively. In the case of a semiconductor laser the correlation of the phases of the optical
modes can occur through the four wave mixing process resulting from material nonlineari-
ties [26, 29, 30] and result in passive mode-locking. This phase correlation of the longitu-
dinal modes occurs through FWM process resulting from the third order nonlinear effects
present in semiconductor lasers. There are five effects that can result with four wave mixing
in semiconductor devices: carrier density modulation (CDM), carrier heating (CH), spectral
hole burning (SHB), two-photon absorption (TPA) and the Kerr effect [26]. Dominance of
some of these effects among the others is related to the separation frequency between opti-
cal modes. With the free spectral range between the modes involved on the order of below
100 G H z, the CDM effect is dominant and so the others maybe neglected. For frequencies

beyond 100 GHz up to 2.5 T'H z, CH plays the main role, and above 2.5 T'H z it is SHB.

3.6 Summary

The mode-locking results in correlation between optical modes present in the laser cav-
ity. Such correlation leads to high coherency between the phases of these optical modes.
Superposition of the electrical fields associated with the modes generates an optical pulse
stream, characterized with high repetition rate, low pulse durations and low timing jitter.
There are several techniques used in order to achieve the mode-locking in different types
of semiconductor laser structures. Most of these methods require a number of advanced
optoelectronic devices to be integrated in order to achieve active mode-locking, or in the
passive case a device comprising at least an active and a saturable absorption sections has
to be used. All of those require significant efforts to be put in order to maintain stable oper-
ation. However the edge emitting devices, where the passive mode-locking can be achieved
by means of mutual injection of optical modes via nonlinearities provided by gain section

of the laser, can be successful counterparts in some applications, as for a stable operation
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they only require DC bias and temperature stabilization.

Modern semiconductor devices based on quantum structures allow producing broad
spectral output and providing nonlinearities sufficient to support strong mode-locking in
passive means, so it is possible to achieve the passive mode-locking within a simple single
section structures as Fabry-Pérot laser diodes.Additionally they can be supported by some
longitudinal mode discrimination scheme (DFB, DBR or slotted FP) in order to achieve
desired spectral output in terms of number of modes and free spectral range between them.

It has been proposed that passive mode-locking can be achieved in multimode laser via
four wave mixing effect. In the following chapter, some experimental evidences of passive

mode-locking in various multimode lasers will be presented.
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Chapter 4

RF signal generation by passively

mode-locked laser diodes

4.1 Introduction

Generation of radio frequency (RF) and microwave signals by photonic means have many
potential applications, not only in telecommunications where stable multi-gigahertz signal
sources are crucial, but also in future electronic integrated circuits where signals distribution
with frequencies above 3 G H z becomes an issue due to thermal limits imposed by copper
based interconnects [1]. In this chapter three kinds of laser diode structures are introduced
and their static optical and electrical characterizations are performed. Optical spectra and
spectral width of their longitudinal components are investigated. The RF beat tones are gen-
erated by directing the infrared (IR) optical output of the lasers onto fast photodiodes and
the produced electrical signals are analyzed. The collected experimental results allow for
evaluation of the quality of the generated RF signals. Furthermore, an identification of pas-
sive mode-locking mechanisms for each of the examined laser structures is performed and

the hypothesis claimed in Chapter 3 supported by Equation 3.8 is experimentally verified.
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4.2 Distributed Bragg reflector laser diode

4.2.1 Laser under test - structure description

The investigated distributed Bragg reflector (DBR) laser diode consists of three sections. A
200 pm Bragg section is used to select the emission spectrum, at such length for the Bragg
mirror multi longitudinal mode output can be provided. The 790 um long active section
consists of bulk quaternary material (InGaAsP). Its quasi-rectangular transverse dimen-
sions (0.4 pm x 0.6 pm) ensure a low polarization-sensitivity of modal gain and a single
transverse mode of the electric field. The 130 pum long phase section is designed to adapt
the optical modes between the active and the passive optical waveguides. Its waveguide
width is expanding linearly up to the 1.8 um at the Bragg section [2, 3]. Structure of the
device is schematically shown in Fig. 4.1. The different sections are electrically isolated
(~ 3.7 k) by ion implantation. The device was designed and fabricated by III-V Labs

Alcatel-Lucent, France.
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Figure 4.1: Distributed Bragg Reflector laser structure [4].

4.2.2 Steady state characterizations

Behavior of tested device under DC bias conditions was investigated by measuring its opti-
cal and electrical parameters as a function of injected current. In order to improve accuracy

(in terms of precise temperature and current control) and efficiency of that process is sup-
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ported by a number of programs created in the LabView®© environment. In this section only
steady state under DC bias conditions is investigated. The lasers operate at 25 °C' unless

stated otherwise.

4.2.2.1 Voltage vs bias current and optical power vs bias current characterizations

Voltage versus bias current (VI) and optical power versus bias current (LI) characteristics
depicted in Fig. 4.2 laser are measured for a bias current applied to the active section I
ranging from 0 mA to 300 mA and from 300 mA to 0 mA with step of 1 mA. Both Bragg

and phase sections are kept unbiased (not connected). The LI characteristic shows clear
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Z
< 20 v““’,’?} 50
g O'I,,O’( S{é | 40 %
k=1 [ = —
8 15 o S ks
: S :
5 o 303
* Dﬂ A’O/ e
8 10 2
5 420 8
: B g
£ o 2
s 0° < 100
S :
£
0.0 0.0
0 50 100 150 200 250 300

Bias Current on Gain Section [mA]

Figure 4.2: The VI and LI curves are marked with circles (o) and diamonds (¢) respectively
- number of data points presented is reduced. Bragg and phase sections are unbiased and
the laser diode is temperature stabilized at 25 °C.

threshold point at I;;, = 40 mA. It was recorded two ways: by increasing and decreasing
the bias current. Both curves are overlapping each other; this demonstrates that there is no
unbiased part of the laser acting as a saturable absorber. The VI curve corresponds to the
electrical characteristic of the used semiconductor components, dynamic impedance across
the active section is between 26 €2 and 7 € for provided bias currents between 50 m A and

300 mA [4].
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4.2.2.2 Optical spectrum - multimode output

With the adjustment of the Bragg section current /5 in range between 0 and 50 m A, it was
possible to achieve single mode and multimode operation of the laser. An example of an
optical spectrum collected with optical spectrum analyzer with resolution of 0.05 nm is
shown in Fig. 4.3. Emission peaks are centered at 1.583 pm with side mode suppression
ratio (SMSR) between three dominant modes lower than 20 dB. The free spectral range
between the optical modes at 39.7 GH z corresponds to the total length of the laser at

1120 pm as detailed previously [3, 4].
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Figure 4.3: Multimode output from DBR laser diode: optical spectrum recorded for bias
levels: I, = 88.87 mA, Ip = 15.4 mA, and phase section unconnected, at room tempera-
ture conditions.

4.2.2.3 Optical linewidth - high resolution optical spectrum analysis

With use of a’'BOSA’ high resolution optical spectrum analyzer provided by Aragon Photonics©
it is possible to collect optical spectra with resolution of 0.025 pm (10 M H z), as shown in
Fig. 4.4.

Data recorded with such level of precision allows the estimation of the linewidth of

each optical mode present in the spectrum. For bias conditions of the active section set as
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Figure 4.4: High resolution optical spectrum recorded for bias currents: [, = 88.87 mA
and Ip = 1.75 mA, phase section unconnected, at room temperature conditions.

I, = 88.87 mA and Bragg section Ip = 1.75 mA the spectrum presented in Fig. 4.4 is
recorded. Linewidth measured for each mode at 3 d B drop from its peak was at 224 M H z,
74 M Hz and 81 M Hz for modes 1, 2 and 3 respectively, resulting with the sum of the
optical linewidths at 380 M Hz. Linewidth of optical modes measured with use of high
resolution optical spectrum analyzer can be compared with RF beat signal produced on

photodetector and recorded with electrical spectrum analyzer.

4.2.3 The RF domain investigation - experimental setup and results

It was demonstrated in an earlier paragraph that DBR laser under certain bias conditions
is able to emit a multimode optical signal with free spectral range around 0.3 nm which
corresponds to the frequency of 39.7 GHz. Experimental setup presented in Fig. 4.5 is
used to observe if there is any output at this frequency range.

Laser is biased with I, and Ip set at 88.87 mA and 1.75 mA respectively. An optical
isolator (ISO) is used to avoid any reflections which may disturb the laser behavior. Elec-
trical spectrum produced on a 50 G H z photodiode (PD) is collected by 40 G H z electrical

spectrum analyzer (ESA) operating at 3 M H z of resolution and video bandwidths, and is
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Figure 4.5: Experimental setup for optical and RF beat spectra investigation, laser is tem-
perature controlled at 25 °C'.

depicted in Fig.4.6. At the bias conditions given above a peak at 39.7 GH z is recorded,
with the linewidth of 30 M H z measured at full width at half maximum (FWHM). These

parameters result in Q-factor of 1333, which is calculated with following formula:

A
Q- frwaM

4.1
7 4.1

where A f is a FWHM linewidth of the RF signal at central frequency f of the oscillator.

The optical oscillator with such Q factor has a potential application in clock recovery.
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Figure 4.6: REF signal recorded at 39.7 G H z with bias conditions being I, = 88.87 mA
and Ig = 1.75 mA.

The linewidth of the recorded RF beat tone at 30 M Hz is smaller than summary
linewidth of the contributing optical modes which implies that the modes inside the laser

are passively mode-locked. Mechanism of the mode-locking originates from FWM nonlin-
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earities provided by semiconductor material in the gain section, through which all optical
modes are linked (inside the laser cavity). Separation between longitudinal optical modes
is around 40 G H z, and for frequencies below 100 G H z FWM benefits mostly from carrier
density modulation (CDM) [5]. Generation of an RF signal by optical means, with DC
biased DBR laser, where no direct or external modulation is applied to the laser has been
demonstrated. In the following section, a simpler single section laser structure, with only

one DC bias current required will be investigated.

4.3 Slotted Fabry-Pérot laser diode

The laser presented in this section is a standard Fabry-Pérot (FP) laser diode (LD) with a
grating introduced at the top of the waveguide acting as an optical filter. This results in a

spectrum that can be engineered according to the pattern of the grating.

4.3.1 Device structure

A single cavity semiconductor device based on multi quantum well (MQW) structure formed
of five quantum wells is shown in Fig.4.7. The wells are 6 nm thick and based on AlGaAsIn
compound and interleaved with the barriers which are 10 nm thick. The device is 1050 pm
long, with 2.5 pum wide slotted ridge waveguide. Slots are implemented as shallow etched
grooves at the top of the ridge. They do not reach active region, however they are able to
cause a change in the value of the refractive index underneath. Each slot is approximately
1 pm deep (to reach a half of the ridge’s heigth) and 1 um long while it spans across the
ridge, an example of such slotted laser diode is presented in Fig. 2.17 in Chapter 2. The
device was manufactured by Eblana Photonics, Ireland. Active core was designed by the
manufacturer while the slots pattern follows custom design.

The profile of the slots from the top plane can be rectangular, however different shapes
can be used (i.e trapezoidal) in order to graduate (smoothen) the step of the refractive index
introduced by such slot. This allows to reduce the impact of inaccurate positioning during

manufacturing process in particular etching of the slots [6]. Positioning of the slots allows
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Figure 4.7: Schematic picture of a Slotted Fabry-Pérot laser diode. The laser’s cavity is
1050 pm long. Scale of th edrawing is not maintained.

the laser to operate in a stable multimode regime when operating under DC bias conditions

with the longitudinal mode separation in the order of 41 GH z [7].

4.3.2 Steady state characterizations

It this paragraph static characterizations of the slotted FP laser diode are performed. The
semiconductor wafer containing a number of the lasers in parallel is placed on the probe
station and temperature stabilized at 25 °C'. Bias current is provided to selected laser by

single DC probe and optical output is coupled to a lensed fibre mounted in micro-positioner.

4.3.2.1 Voltage vs bias current and optical power vs bias current characterizations

The voltage versus bias current and optical power versus bias current characteristics de-
picted in Fig.4.8 of the slotted FP device were collected for bias current applied to the
active section ranging from 0 mA to 100 mA and from 100 mA to 0 mA with step of
1 mA.

The threshold point at bias level Iy, = 24 mA is read clearly from LI characteristic. No
hysteresis exist between LI curves collected with increase and decrease of the bias current,
both curves are overlapping each other what proves that no absorber region exists in the

device. The VI characteristic allows to find the impedance of the junction from 36.7 (2 at
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Figure 4.8: The VI and LI curves marked with circles and diamonds respectively. Device
was temperature stabilized at 25 °C..

30 mA to 16 € at bias at 100 mA.

4.3.2.2 Optical spectrum analysis - multimode operation

With an adjustment of a bias current in range between 0 m A and 100 mA it is possible to
achieve stable multimode operation of the laser with optical modes separated by 41 GH z.
Optical spectrum collected with standard optical spectrum analyzer providing 0.05 nm is
shown in Fig. 4.9. For bias condition set at 85.2 mA multimode output is centered at
1557 nm with 11 longitudinal modes present in 10 dB window measured from the maxi-
mum of the dominant mode, and provides with an average output power of 3.4 mW. This

allows to consider such a laser diode as a potential candidate for the RF generation.

4.3.2.3 Self heterodyning technique for optical linewidth measurement

Optical linewidth measurement setup based on self heterodyning approach, as shown in
Fig. 4.10 is utilized in order to assess the optical linewidth corresponding to each of the laser
axial modes. Use the high resolution optical spectrum analyzer with resolution of 10 M H z
would impose significant error on the results as the linewidth of the optical modes from

such type of the device is expected to be in the order of several megahertz. Optical output
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Figure 4.10: Self heterodyning setup for optical linewidth measurement.

of the slotted FP laser diode is collected with a precise lensed fibre featuring focal length of

3.5 pum and minimum spot size of 2 pm. An optical isolator (ISO) prevents back-reflections

from other elements of the setup which could disturb operation of the investigated laser.

Tunable optical band-pass filter (OBPF) with a fixed 3 dB bandwidth of 27 G H z allows

for selection of individual longitudinal modes, with at least 27 d B of SMSR to neighboring

ones. Signal generator (GEN) and phase modulator (PM) introduce frequency shift, which

allows for observation of a beat tone at lower RF frequency of 2 GHz. The 12 km of

single mode fibre (SMF) allows to bring the signal in this branch beyond the coherence

length (inversely proportional to the signal linewidth) and achieve the minimum measurable

linewidth at 17 kH z. The FWHM linewidth Avgw gas is estimated by width measurement
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at 10 dB drop from the peak value denoted with Avyggp by use of the following formula

[8]:
Avrw i = Aviap
24/10

4.2)

The average linewidth corresponding to a single isolated optical mode with Lorentzian
shape fitting in the 3 d B bandwidth is estimated to be at 50 M H z with an error of 0.1 M H z.
Comparison of the summary linewidth of optical modes with a linewidth of the RF signal

will determine if there are mode-locking mechanisms engaged [4, 9].

4.3.3 The RF domain analysis - experimental setup and results

Device under test (DUT) emits identical multimode spectra for wide range of bias cur-
rents. Consecutive longitudinal modes are separated by frequency around 41 GHz. The
experimental setup presented in Fig. 4.11 is used to investigate the RF domain if there

is any signal at this frequency range emitted. Electrical spectrum collected by 40 GHz

o
]
Slotted b/
Igias=85 MA — ISO

Figure 4.11: Experimental setup for RF investigation, tested laser is temperature controlled
at 25 °C.
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spectrum analyzer (ESA) with radio and video resolutions set at 30 kH z combined with
bandwidth expanding external mixer (40 to 50 GH z) from 50 G H z photodetector is de-
picted in Fig. 4.12. Laser is biased with 85.00 mA and temperature stabilized at 25 °C'.
At such conditions an RF peak at 41.37 GH z is recorded and fitted with Lorentzian curve.
The FWHM linewidth is measured at 10 dB drop from the peak value estimated to be at
900 kH z and results with a Q factor of 45966.

The linewidth of the recorded RF signal is smaller by two orders than summary linewidth
of the contributing optical modes which implies that the device is passively mode-locked.
The mechanism of the mode-locking originates from four wave mixing nonlinearities pro-

vided by semiconductor material, through which all optical modes are linked inside the
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Figure 4.12: RF signal recorded at 41.3 G H z with bias condition being I;,s = 85.00 mA
and temperature controlled at 25 °C'. The circles (o) represent the experimental data, dashed
line fitted Lorentzian curve.

laser cavity. Separation between longitudinal optical modes is around 40 G H z, therefore
the main contribution comes from carrier density modulation (CDM) effect [5].

Similarly to previous section the RF signal corresponding to the FSR between optical
modes is produced however the increased number of the optical modes resulted in reduced
linewidth of the RF signal and improved value of Q factor. In the following part a laser

diode featuring 40 modes in 3 d B bandwidth.

4.4 Quantum dash Fabry-Pérot laser diode

4.4.1 Device description

The quantum dash (QDash) based heterostructure is grown by gas source molecular beam
epitaxy (GS-MBE) on S-doped InP wafer [10]. The active core consists of 6 layers of
InAs QDashes enclosed within 40 nm thick InGaAsP barriers, Fig.4.13. The whole ac-
tive structure is sandwiched within two 80 nm thick separate confinement heterostructure
(SCH) layers . Both SCH and barriers are un-doped. Typical dimension along the growth

axis and width of the QDash to achieve emission at 1.55 pm are 2 nm and 20 nm respec-
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tively. The density of dots per layer is 2 x 10'%cm~2. The laser under test is 1010 pum
long, single-section device, without phase or saturable absorber sections [11]. The device

was designed and manufactured by III-V Labs Alcatel-Lucent, France.

Figure 4.13: QDash Fabry-Pérot semiconductor laser structure with structure of one active
layer. The dashes are elongated in the transverse direction to the beam propagation inside
the laser cavity. QDash layer image after [10].

4.4.2 Steady state characterizations

The tested device is a pre-cut wafer-bar, mounted and wire-bonded to the electrodes on
a ceramic sub-mount. The whole sample is placed on probe station and connected with
two individual DC probes for bias and ground connections. The temperature is stabilized
at 25 °C unless otherwise stated. Behavior of tested laser under DC bias conditions is

investigated in optical and electrical domains as a function of injected current.

4.4.2.1 Voltage vs bias current and optical power vs bias current characterizations

The voltage versus bias current (VI) and optical power versus bias current (LI) character-
istics depicted in Fig. 4.14 of the QDash FP LD were collected for bias current applied to
the active section ranging from 0 mA to 400 mA and from 400 mA to 0 mA with a step of
1 mA.

LI characteristic shows clear threshold point at I, = 18 mA. It was recorded both
ways by increasing and decreasing the bias current, both curves are overlapping each other
- there is no memory effect - which proves that no absorber region exists in the device.
Roll-off at the higher bias levels results from the thermal effects - increase of the current

increases thermal noise but does not contribute to the laser emission. Dynamic impedance
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Figure 4.14: The VI and LI curves obtained from QDash FP laser diode, marked with
circles (o) and diamonds (¢) respectively.

across the lasers junction varies from 52 €2 at the threshold up to 9 2 at 400 m A of the bias

level.

4.4.2.2 Optical spectrum analysis - multimode operation

For all currents exceeding the threshold value, optical spectra emitted by the QDash FP laser
feature a multimode structure with a nearly flat envelope. Increase of bias current leads to
the increase of the number of optical modes present in the 3 d B bandwidth. Example for
the optical spectrum recorded with device biased at 350 mA and temperature controlled
at 25 °C if presented in Fig 4.15. Optical spectrum is centered at 1525 nm and for bias
level set at 350 mA, spans 12 nm across the 3 dB bandwidth. The longitudinal optical
modes present in the spectrum are separated by free spectral range (FSR) of 0.3 nm, which

corresponds to the frequency of 40 G H z approximately.

4.4.2.3 Optical linewidth measurement

Optical linewidth measurement setup based on self heterodyning approach, as presented
previously in Fig. 4.10 is utilized in order to assess the optical linewidth corresponding to

each of the laser’s axial modes. Their values follow linear trend, with the maximum around
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Figure 4.15: Multimode output with no external modulation applied: optical spectrum
recorded for bias condition Ip;,s = 350 m A with temperature controlled at 25 °C'.

50 M H z for shorter wavelengths and minimum around 10 M H z at longer wavelengths
side. Optical linewidths corresponding to each longitudinal mode for four different bias
conditions applied to the QDash LD plotted in Fig. 4.18 in the next section.

Comparison of the summary linewidth of optical modes with a linewidth of the RF
beat signal produced by these modes while directed on fast PD will determine if there are

mode-locking mechanisms engaged [4, 9].

4.4.3 REF signal generation - experimental setup and results

It is demonstrated that tested QDash FP LD emits a number of longitudinal modes simulta-
neously, while being DC biased. For bias level set at 350 m A, there are 40 optical modes
present at the output of the device in a 3 d B bandwidth window. Separation between con-
secutive modes is around 40 GHz. Investigation of the signal produced by beating of
these modes on fast (50 G H z) photodetector is performed with use of electrical spectrum
analyzer (ESA) featuring 40 GH z bandwidth. Optical power collected by lensed fibre is
around 2.5 dBm, so further amplification is not necessary. Experimental setup is presented

in Fig. 4.16. Electrical spectrum collected by 40 GH z spectrum analyzer and fast photo-
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Figure 4.16: Experimental setup for RF investigation, the tested laser is temperature con-
trolled at 25 °C'.
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Figure 4.17: RF signal recorded at 39.77 G Hz with bias condition Ij;,s = 350 mA
and temperature stabilized at 25 °C'. Measured data marked with open circles (o) and its
Lorentzian fit with solid line.

stabilized at 25 °C. At such bias conditions, a peak at 39.7 GH z is recorded. Measured
data points are fitted with Lorentzian shape, and the FWHM linewidth at 18 kH z is es-
timated as a width of the fitted curve at 10 dB drop from the maximum value following
Equation 4.2 [7, 12, 13].

The RF beat linewidth is about three orders of magnitude lower than the sum of the
optical linewidths associated with longitudinal modes produced by the laser and contribut-
ing to that beat signal. Such a difference can be attributed to high correlation between the
optical modes involved - mode-locking, which results in reduction of the noise of the beat

signal. Correlation between the modes is not introduced by any external means in this case,
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Figure 4.18: Linewidths associated with each optical mode present in a 3 dB window of
the optical spectrum. The laser is temperature stabilized at 25 °C and measurements are
repeated for different bias levels: 150 mA (), 250 mA (¢), 350 mA (O), and 450 m A (o).
On inset the RF signal produced by all optical modes simultaneously at the bias provided
at 350 mA.

so the mechanisms governing this behavior are passive. The resulting value of the Q fac-
tor in this case is around 220000, this supports the observation of the improvement of the
generated RF signal with the increase of the number of the optical modes contributing to it.
The values of FWHM optical linewidths associated with each optical mode present at the
output of the laser diode biased at four different current levels are depicted in Fig. 4.18.The
trend observed on the optical linewidths allows us to conclude that stronger mode-locking
effects are affecting the longer wavelengths emitted by the laser. This may result from
stronger linewidth enhancement factor (and inter-modal coupling efficiency) at the longer

wavelengths part of the spectrum.

4.5 Summary

Generation of RF signals by DC-biased multimode semiconductor lasers is demonstrated
with three different types of laser diodes: DBR, Slotted FP and FP whose active sections

are based respectively on bulk, quantum well, and quantum dash semiconductor materials.
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In all cases the devices were sufficient to produce stable multimode output, and generate
beat signals corresponding to the free spectral range between the longitudinal optical com-
ponents at their outputs. All investigated structures are able to produce RF signals with
frequencies around 40 G H z which falls into the microwave band.

Analysis of the results achieved in optical and electrical spectral domains gives support
to the hypothesis presented in Chapter 3. The reduction of the spectral width of the gener-
ated RF beat tone when compared to the summary linewidth of the optical modes contribut-
ing to this beat signal is observed. A signature of passive mode-locking can be concluded in
all presented semiconductor lasers. As a consequence of PML the optical pulse formation
at the output of such laser should occur, which is experimentally investigated in following
chapter.

Increase of the value of the Q factor with the increase of the number of optical modes
produced by a laser should be noted. Along with improved signal quality one can conclude
that quality of mode-locking in terms of inter-modal phase synchronization is improved
with a larger number of modes.

The frequency of the generated signal is directly related to the free spectral range at the
output of the particular laser diode. The FSR can be expanded in a single laser diode to
reach the terahertz frequencies. Generation of signals within this band by multimode laser

diodes will be studied in Chapter 7.
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Chapter 5

Optical pulse generation by passively

mode-locked laser diodes

5.1 Introduction

Modern optical networks require solutions based on all-optical approaches in many cases
dependent on the sources of short optical pulses. There are a number of techniques for
the generation of short optical pulses like: pulse carving, gain switching, Q-switching and
mode-locking. In this chapter a short review of these techniques will be provided, along
with some modern methods of characterization of optical pulses. Experimental demonstra-
tion of very short optical pulse generation, with use of three different types of passively
mode-locked laser diodes is carried out. Due to their parameters, they can be featured as
‘green’ - power efficient, small size, relatively cheap to manufacture - pulse sources, in
high speed optical networks. Additional possible applications in all optical data treatment

schemes will also be presented.
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5.2 Pulse generation techniques

5.2.1 Pulse carving

Generation of optical pulses can be performed by modulation of initially continuous light
with a fast modulator, allowing the light to pass for only a short period of time. This method
has however large drawbacks: the pulse duration is in this method limited by bandwidth of
the modulator; a large part of the optical energy is lost on the modulator when it is in
a ‘closed’ state. Despite these, there have been efforts made to utilize CW source and
optical modulators, and multi-gigahertz repetition-rates with picoseconds pulse durations
have been reported [1, 2]. There are a few pulse generation techniques that are mostly used

nowadays, which can offer much shorter pulses with higher power and repetition rates.

5.2.2 Q switching

The technique is based on modulation of the losses of the laser cavity (modulation of the
Q factor of the resonator). Intra-cavity losses are initially kept on high level, so the lasing
action cannot occur, but the pump energy is being accumulated in gain medium. The sudden
reduction of the losses initiates the laser action; radiation energy builds up within hundreds
or thousands of cavity round-trips. Once the power in the cavity reaches the saturation
energy of the gain medium, the gain starts to saturate. The peak of the emitted pulse is
reached when the gain is equal to given low losses. After this point the stored energy
depletion continues due to high intra-cavity power [3].

The modulation of the losses can be achieved by active (active Q switching) or passive
(passive Q switching) way. In the active Q switching, the losses are modulated with an
active control element, which usually takes the form of an optical modulator triggered by
an electrical signal. It can be also triggered by a mechanical element like a rotating end
mirror. In either case, generated pulse energy depends on stored energy in the gain medium
and pulse repetition rate [4]. For the passive Q switching, a saturable absorber introduced
into the laser cavity is used in order to modulate the losses. The pulse is being generated

automatically, as soon as the stored energy level in the gain medium is sufficient to decrease
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the losses of the saturable absorber. In such a system, the pulse energy and duration are fixed
(by saturable absorber and gain recovery times), and changes of the pump power result in
change of repetition rate [4]. Passive Q switching allows for higher repetition rates than
those offered by active Q switching techniques; however the pulse energies are usually
lower [4, 5]. Lasers which use the Q switching technique generate periodical pulse-trains,
with repetition rates from kilohertz to megahertz, and pulse durations from below 1 ns to a
few nanoseconds. Pulse energies vary between millijoules for small laser chips to kilojoules
for large laser systems. The emitted peak power can be orders of magnitude higher, when

compared to that obtained in CW operation.

5.2.3 Gain switching

Gain switching is a pulse generation technique, which involves the modulation of the gain
by the pump power. If high pump power is applied to the laser for a short period of time,
the laser emission starts with a delay (necessary for the amplification of initial spontaneous
emission). This allows for the energy accumulation in a gain medium, which is then emitted
in the form of a pulse. The pulse duration can be shorter than the pump duration and shorter
than the upper state lifetime [6]. The pump power can be switched off between the pulse
generations or can be kept at a level below the threshold.

In semiconductor lasers, gain switching can be achieved by application of the short
electrical pulses or consciously modulated signal [7]. Pulse trains with repetition rates up
to several gigahertz can be obtained with pulse durations between nano and picoseconds,
which can be exploited for telecommunication applications [§—11]. The advantage of the
gain switched lasers compared to Q switched and mode-locked devices, is an easily tunable

repetition rate, which does not require modifications of the laser’s cavity.

5.2.4 Mode-locking

The mode-locking techniques which are described in Chapter 4, allow for generation of

ultra-short optical pulses with high repetition rates. Pulse durations can be in order of fem-

60



toseconds, and repetition rates can reach hundreds of gigahertz [5, 12, 13]. Pulse generation
with passively mode-locked semiconductor laser is studied experimentally in following sec-

tions of this chapter.

5.3 Pulse characterization techniques

Variety of measurement techniques can be used in order to characterize optical pulses.
Temporal information about optical pulses can be retrieved with use of fast photodetec-
tor connected to the digital sampling oscilloscope. Bandwidths at 80 G H z and temporal
resolution in order of picoseconds are achievable but only for repetitive signals with good
trigger. Information about repetition rate, pulse duration and its temporal shape, and timing
jitter can be measured in the limits of bandwidth and temporal resolution. For shorter pulse
durations intensity autocorrelation techniques can be utilized in order to retrieve the infor-
mation about temporal pulse-shape; however in order to fully recover optical pulse in both

time and spectral domains, frequency resolved optical gating (FROG) can be used.

5.3.1 Intensity autocorrelation

The intensity autocorrelation allows for the estimation of the duration of ultrashort opti-
cal pulses [14-17]. In order to investigate input optical field E'(t), with intensity I(¢) =
| E(t)|?, two parallel optical beams, with variable optical delay are generated, and combined
on second harmonic generation (SHG) crystal, in order to generate a signal proportional to
|E(t) + E(t — 7)|2. Beams propagating along the optical axis, proportional to the cross
product appearing with expression |E(t) x E(t — 7)|, are collected by a slow response

photodetector, as depicted in Fig. 5.1. The recorded signal can be expressed as:
+oo
In(7) = / [I(t)I(t —T)|dt G.D
—0oQ

where I/(7) is an intensity autocorrelation of the pulse. The width of the intensity auto-

correlation is related to the duration of the original pulse. When the shape of the original
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pulse is known or can be assumed, the deconvolution factor can be used to obtain the orig-
inal pulse-width from intensity autocorrelation trace. Table 5.1 shows the values of the
deconvolution factors for common pulse shapes.

Input

pulse sBp?i?tr:r E(t-t)
>‘ > SHG £ (t)E 1)
* Crystal
_0 E() ’{l e
Slow
% JL ) Lens Detector
Lens

>

Delay, t

Figure 5.1: Schematic diagram of an intensity autocorrelator based on SHG crystal.

Although the pulse duration can be measured from the intensity autocorrelation, it is not
possible to obtain information about the phase. Moreover an autocorrelation is symmetrical
and the autocorrelation function is even, so: Ip;(—7) = Ip(7). This property leads to an

uncertainty in the time axis and consequently of the temporal amplitude profile of the pulse.

Table 5.1: Scaling factors for autocorrelation traces of common pulse shapes.

Pulse shape Scaling factor
Gaussian 1.414
Hyperbolic secant 1.543

5.3.2 Frequency resolved optical gating - FROG

Second harmonic generation (SHG) frequency resolved optical gating (FROG) is a pulse
characterization scheme, which allows to fully resolve ultrashort optical pulses [18-20]. In
construction it is similar to the intensity autocorrelator, but instead of using a slow detection
to record the signal, the second harmonic signal is resolved spectrally by an spectrometer

(frequency resolved), as presented in Fig. 5.2. The recorded two dimensional data, called
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Figure 5.2: Schematic diagram of an SHG FROG system.

a spectrogram, represents an autocorrelation intensity as a function of time and angular
frequency I(¢,w), and allows for the retrieval of the intensity and the phase of the input

pulse.

Lsig(w, T) = | / P(t)G(t — 7) exp(—iwt)dt|? (5.2)

where P(t) is a probe pulse, and G(t) is a gate pulse, both are determined by nonlinear
interaction function, such as SHG for the FROG. They both take a form of E(t), so Equa-

tion 5.2 becomes:
Lsig(w,T) = | /E E(t — ) exp(—iwt)dt|? (5.3)

The FROG system has no information about E(t), it uses an iterative algorithm, which takes
into account the recorded spectrogram and form of the nonlinearity, to achieve the best
match between real recorded spectrogram and a generated one from F(t) with matching

phase and amplitude profiles.

5.4 Generation of 10 ps optical pulses at 40 GHz repetition rate
by PML DBR laser diode

The first device under test is a DBR laser previously presented in Chapter 4. It has been

demonstrated to operate in a multimode regime with signature of passive mode-locking.
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5.4.1 Experimental setup

The experimental setup presented in Fig. 5.3 consists of the DBR laser placed on probe
station and temperature stabilized at 25 °C. The optical spectrum analyzer (OSA) and the
FROG system are used to provide detailed information about the optical output. The optical
output from the DBR laser is coupled with a lensed fibre with focal length of 3.5 ym. An
average optical power of 2.5 mWW is collected, with gain and Bragg sections biased at
200 mA and 14.3 m A respectively. The optical amplifier (EDFA 1) is followed by a 5 nm
optical bandpass filter (OBPF). The polarization controller (POL) and high power optical
amplifier (EDFA 2) are elements of the FROG system necessary for conditioning the input

signal for maximal second harmonic generation.

OSA
ONO.
DBRi{/ >R @ O FROG
= ISO EDFA1 OBPF POL EDFA 2

Figure 5.3: Experimental setup used for optical output characterization from DBR laser.

Optical spectrum analyzer provides information about spectral shape of the signal pro-
duced by tested device after pre-amplification stage, and the FROG system allows for re-
trieval of the detailed information about pulsed nature of this output, if any. The lengths
of fibre links between the components of the setup are minimized - total length of SMF
patch-cords in this setup is less than 4 m - in order to reduce the fibre induced dispersion
and its impact on the recorded pulse profile. However, additional impact of the dispersion
related effects introduced by a fibre present in optical amplifiers (approximately 11 m in

each EDFA) should to be taken into consideration for recorded pulses.

5.4.2 Results

The DBR LD biased on gain and Bragg sections respectively with I, set at 200 mA, and I
set at 14.3 m A, with phase section unbiased (not connected) and temperature stabilized at

25 °C, gives an output spectrum presented in Fig. 5.4. The optical spectrum features eight
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Figure 5.4: Optical spectrum recorded from DBR LD, DC biased with currents I, and Ip
being set at 200 m A and 14.3 m A respectively. Temperature controlled at 25 °C.

modes in 30 dB bandwidth with FSR of 39.7 GH z, centered at 1556.6 nm. The FROG

system for these given bias conditions presents a spectrogram shown in Fig. 5.5a.
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Figure 5.5: Spectrogram recorded from DBR LD and corresponding optical pulse resolved
with FROG. The DBR LD is DC biased with currents I, and I being set at 200 mA and
14.3 m A respectively and temperature stabilized at 25 °C'.

A tested DBR laser under DC bias conditions, generates an optical pulse stream with
repetition rate of 39.7 GHz. The emitted pulses are characterized by a pulse duration of
9.34 ps measured at full width at half maximum and linear chirp across the pulse-width,

with magnitude of 150 GH z and negative slope. The peak power of the pulses can be
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estimated to be around 6.7 mWV taking into account average power collected from the laser
diode, repetition rate and assuming simple pulse profile (square for a given value).

It has been demonstrated that passively mode-locked DBR LD featuring multimode out-
put with three longitudinal modes in the 3 d B bandwidth can produce optical pulses with
a repetition rate related to the free spectral range between these modes. In the following
section a different type of passively mode-locked laser diode which output spectrum con-
sists of 40 longitudinal modes is going to be investigated, and the impact of the number of

modes on the generated pulses will be examined.

5.5 Generation of 2.5 ps optical pulses at 40 GHz by QDash

Fabry-Pérot laser diode

The experimental analyses of the quantum dashed Fabry-Pérot laser diode performed in
Chapter 4 indicate that this laser is passively mode-locked. This QDash FP LD, features
multimode spectrum consisting of 40 longitudinal modes with a nearly flat envelope. The
large difference between the linewidth of the RF beat signal produced on a fast photodetec-
tor and the sum of the optical linewidths of the modes contributing to that beat signal proves
the strong mode-locking effect. Many longitudinal modes present at the output of the laser

suggests formation of very short optical pulses.

5.5.1 Experimental setup

The intensity and spectral time evolution of this laser is investigated according to the setup
depicted in Fig 5.6. The tested laser (QDash FP) is mounted on ceramic sub-mount,and DC
biased on a probe station. The temperature is stabilized at 25 °C. Average optical power
coupled to the fibre is at 4 mW, for a bias level of 350 mA. An optical isolator (ISO)
is introduced in order to prevent back-reflections to the tested LD which could disturb the
PML process. Optical amplifier EFDA 1 provides pre-amplification of the signal. A tunable
optical bandpass filter (OBPF) centered at wavelength of 1530 nm allows to investigate

the performance of the laser when its output is subjected to an external optical filtering at
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Figure 5.6: Experimental setup for investigation of the output of QDash FP laser under DC
bias conditions. Temperature is stabilized at 25 °C.

various filter bandwidths. A number of optical couplers are used to distribute the optical
signal among the experimental equipment. An optical spectrum analyzer (OSA) monitors
spectral content of the signal at the input of the pulse characterization equipment. The
polarization controller (PC) and the high power optical amplifier (EDFA 2) are imposed
by the FROG system. Additionally, optical output is observed with 500 G H z bandwidth
optical sampling oscilloscope (OSO) offering a 0.83 ps temporal resolution. An electrical
trigger was retrieved from the optical input path via 50 G Hz photodetector, low noise
broadband RF amplifier (AMP) and 1:4 frequency divider (FDIV), to support the OSO

measurements.

5.5.2 Temporal analysis

From the device biased at 350 m A and temperature stabilized at 25 °C, pulse stream with
repetition rate of 39.8 G H z is recorded with the optical sampling oscilloscope, as presented
in Fig. 5.7, when no filtering scheme is applied. No quantitative measurements can be
retrieved from this temporal trace due to a number of factors: the temporal resolution of
the OSO is close to the expected (below 1 ps) pulse duration, and its sensitivity to limited

quality trigger of a trigger line.
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Figure 5.7: Optical sampling oscilloscope trace. Device under test biased at 350 m A, and
temperature stabilized at 25 °C'.

However some observations regarding the pulse-shape can be concluded:

o The rising edge of the pulses is shorter than the trailing one.

e There are features on the trailing part of the pulses.

e The peak power is 6 mW (the average optical power at the input of OSO at 3 dBm).

Due to the limitations imposed by used optical sampling oscilloscope, full recovery of the
pulses is performed with the FROG system. Results are presented in Fig. 5.8, where pulses
characterized with pulse durations of 2.6 ps, 2.9 ps and 6 ps are recorded with the opti-
cal bandpass filter set at 1530 nm with 6 nm, 3 nm and 1 nm bandwidths respectively.

Therefore the pulse duration dependancy on the spectral bandwidth can be concluded.
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Figure 5.8: Optical pulses generated from PML QDash FP laser diode resolved with FROG
system for filter bandwidths at 1, 3 and 6 nm denoted in black, red and blue colour respec-
tively.

The pulse duration is reduced with an increase of the optical filter bandwidth. The
measured pulse-widths are ranging between 2.2 ps when no filtering scheme is used up
to 6 ps for the 1 nm filter bandwidth. The slope of the chirp for all filtering conditions
is positive while its magnitude increases with the increase of the filter bandwidth. With
the constant average power (4 mW) collected by a lensed fibre from the laser diode, the
peak powers associated with the pulses can be estimated betwen 16.7 mW and 39 mW
for given filter presets, and at 46 mW when the optical filter is not in use (for simplicity a
square pulse shape is assumed in this estimation) [12, 21, 22].

The positive slope associated with the pulses emitted by QDash FP LD is an interesting
feature. It allows to introduce simple compression scheme based on group velocity disper-
sion in standard single mode fibre, which will be exploited in the following section for short

pulse generation.

5.6 Sub-picosecond optical pulses generated from QDash FP laser

diode with fibre based compression scheme

Pulses recorded from QDash FP LD in the previous section are characterized with a chirp

of positive slope, regardless of applied filtering condition. However the magnitude of the
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chirp increases with the increase of the filter bandwidth. The large value of positive chirp
imposed on the pulses allows introducing pulse compression scheme, based on group veloc-
ity dispersion (GVD) in a standard single mode fibre (SMF) [23]. For wavelengths around
1530 nm standard SMF operates in anomalous dispersion regime, which allows in combi-
nation with proper fibre length to compensate for the initial positive chirp associated with a

pulse at the input of the fibre.

5.6.1 Experimental setup and results

The SMF of 450 m in length is introduced into the setup used in the former section as

presented in Fig. 5.9.

QDas&’{
FP

GVD based
Compression

FROG

0so

AMP 40Ghz Trigger

Figure 5.9: Experimental setup for investigation of the output of QDash FP laser under DC
bias conditions. The 450 m of SMF is introduced in order to compensate for initial chirp.
Temperature is stabilized at 25 °C'.

Optical sampling oscilloscope recorded data once again that provides with just a brief
view of the pulse shape, as depicted in Fig. 5.10, however significant reduction of the pulse-
width and increase of peak power from 6 mW to 18 mW (similarly to previous experiment
the average optical power at the input of the OSO is maintained at 3 dBm) can be observed.

Repetition rate remained unchanged at 39.8 GH z.
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Figure 5.10: Optical sampling oscilloscope trace. Device under test biased at 350 m A, and

temperature stabilized at 25 °C. Compression scheme based on introduction of 450 m long
SMEF.

In order to fully characterize the pulse parameters it is necessary to use the FROG sys-
tem. Data recovered with a FROG system reveal pulse duration reduction down to 1.3 ps,
for the same bias, temperature and filtering conditions (3 nm), as presented in Fig. 5.11.

The magnitude of the chirp for these conditions is reduced to 20 G H z, however the slope
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(a) Intensity profile of the optical pulses. (b) Frequency chirp associated with the optical pulses.

Figure 5.11: Optical pulses generated from PML QDash FP LD with compression scheme
engaged, resolved with the FROG system for filter bandwidths at 1, 3 and 6 nm denoted in
black, red and blue colour respectively.

of the chirp is changed to negative. This suggests that the length of the SMF fibre is not
fully optimized (too long in this case). This measurement was duplicated for various filter
bandwidths as plotted in Fig. 5.12. Pulses of durations from 5.2 ps to as low as 700 fs

are recorded for different filtering configurations. Results for the filter bandwidth at 12 nm
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correspond to the setup without filtering.
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Figure 5.12: Pulse duration dependency on the bandwidth of the optical filter. Scenarios
with compression scheme engaged (blue) and without (red), data points marked by circles
and squares respectively. Exponential curves fitted on both datasets.

The peak powers estimated for produced pulses are in range from 19 mW for optical

filter preset at 1 nm to 143 mW for unfiltered condition [12, 22].

5.7 Summary

This chapter provided the experimental evidences that basic semiconductor structures, in
which signature of passive mode-locking was demonstrated previously, can serve as very
short optical pulse sources, even though they require only DC bias and temperature stabi-
lization at room conditions. By the introduction of the standard SMF fibre, opposite slopes
of the fibre GVD and the input pulses chirp are exploited in order to compensate one by
another. The chirp compensation results in the pulse duration reduction. A pulse-width of

around 700 f's is achieved with such a compression scheme [12, 21, 22, 24].
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Chapter 6

Synchronization of passively

mode-locked laser diodes

6.1 Introduction

In order to improve the transmission distance, capacity, transparency, and speed of optical
networks, all-optical data signal treatment techniques and systems have to be employed [1,
2], and implementation of so called 3R (re-amplification, re-timing, reshaping) regeneration
functionalities by all-optical means is highly desirable [3, 4]. All-optical clock extraction is
fundamental for efficient implementation of the technologies mentioned above.

The properties of passively mode-locked semiconductor lasers demonstrated in former
chapters allow to find many applications for these type of devices. They can serve as opto-
electronic signal generators, optical pulse sources, and can be used in electronic circuits for
clock generation, etc.

In this chapter the response of the semiconductor lasers previously demonstrated to
operate in passive mode-locking regime is studied. On this basis a clock extraction scheme

on an all-optical basis is proposed with use of two different semiconductor laser structures.
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6.2 Synchronization of the DBR LD with optical signals at 10,
20 and 40 GHz

The first device under test is the DBR laser discussed in Chapters 4 and 5 in the context
of RF signal and optical pulse generation. The laser diode is mounted on a sub-carrier
and placed on the probe station, bias currents to the gain and Bragg sections are supplied
with two DC probes while the ground is contacted by substrate. The laser is temperature

stabilized at 25 °C.

6.2.1 Experimental setup and results

The experimental setup presented in Fig. 6.1 is built in order to investigate the response
of the DBR laser operating in its multimode regime to an injected optical pulse train. The

external signal has a frequency close to the DBR LD free running frequency or its sub-

harmonic.
10, 20, 40 Gb/s

TMLL 1 2 DBR
10Gb/s ’/—D—OOC)— OMUX \\ 16=181.83 mA
1567 nm 16=1.75 mA
SodBm EDFA1  PC1 POL  EDFA2  pcp ° =
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Figure 6.1: RF signal recorded at 39.7 G H z with bias conditions being I, = 88.87 mA
and Igp = 1.75 mA.

The 10 Gb/s pulse train is generated with a tunable mode-locked laser (TMLL) source.
The TMLL laser is actively locked to the reference signal from an electrical signal generator
(SG 1) at the frequency of 9.98538 GHz. The optical spectrum of that signal and its
temporal amplitude and chirp profiles are shown in Fig. 6.2.

The optical spectrum exhibits ripples separated by 10 G H z with a peak located around
1567 nm which is set 10 nm away from the optical signal emitted by laser under test.

Optical pulse streams corresponding to 40 Gb/s (39.82 G H z) and also its sub harmonics at
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Figure 6.2: Optical pulses generated by TMLL at 10 GH z activelly locked to an external
signal generator SG 1.

20 Gb/s and 10 Gb/s are generated with an optical multiplexer (OMUX) and injected into
the laser under test via an optical circulator. The DBR LD is biased at conditions for which
it presents multimode output and exhibits pulsation with the RF frequency at 39.7 GHz. It
was demonstrated in previous chapters that such behavior in case of this laser results from a
passive mode-locking process [5]. The optical spectrum from the tested laser when in free
running condition is presented in Fig. 4.4. The average power injected into the tested laser
is estimated to be 0 d Bm after taking into account coupling losses. The optical signal from
the third port of the circulator is filtered by 5 nm tunable optical band pass filter (BPF 1)
and directed to the optical spectrum analyzer and 50 G H z photodetector (PD). An electrical
signal from the photodetector is then observed with 50 GG H z digital sampling oscilloscope
(SCOPE) and 40 G H z electrical spectrum analyzer (ESA). An additional electrical signal
generator (SG 2) triggered by SG 1 provides an electrical trigger signal at 1 GH z to the
SCOPE. Two optical Erbium doped fibre amplifiers, EDFA 1 and EDFA 2, are used in
order to boost the signal before OMUX and injection respectively. Polarization controller
PC 1 and an optical polarizer (POL) are required for proper alignment and operation of
OMUX and to assure uniform polarization along the produced pulse-train. Polarization
controller PC 2 is used to match the injected signal polarization with a waveguide of the
laser. Temporal traces of injected optical signals at different bit-rates are shown in Fig. 6.3a.

It maybe noted that all injected optical signals can be considered as an equivalent of
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Figure 6.3: Optical pulse trains with 10, 20 40 Gb/s repetition rates marked a, b and ¢
respectively injected into the DBR LD and its response for these. All traces shown with
offset of 2 mV.

40 Gb/ s return to zero (RZ) data stream constructed of different data patterns in the follow-
ing way:

e 10 Gb/s (a) equivalent to 40Gb/s 1000 pattern.

e 20 Gb/s (b) equivalent to 40Gb/s 10 pattern.

e 40 Gb/s (c) equivalent to 40Gb/s 1 pattern.

In the Table 6.1 the extinction ratios for 10, 20 and 40 Gb/s bit-rates are given. The ex-
tinction ratio was calculated from temporal traces retrieved with the FROG system. The

Table 6.1: Extinction ratio of source signals for variety of used bit-rates, calculated from
FROG measurement data.

Bit-rate
10 Gb/s | 20 Gb/s | 40 Gb/s
ER (dB) 34 32 32

response of the DBR LD for all injected pulse-trains recorded with the sampling oscillo-
scope are shown in Fig. 6.3b. The temporal traces are optically filtered at the output of
the circulator. Waveforms are recorded with a scope being triggered by the original clock

signal used to lock the pulse source.
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Figure 6.4: High resolution optical spectra of the DBR laser diode output signal biased at
I, =150 mA, Ip = 18.82 mA for 0 dBm of average injected power at various bit-rates.

The spectral distribution of the DBR infrared signal is changed as depicted on Fig. 6.4.
The spectra presented are recorded with a high resolution optical spectrum analyzer offer-
ing spectral resolution of 80 fm. Additional spectral components are visible along original
modes marked 1,2 and 3 on all figures. The free spectral range between those modes corre-
sponds to the clock frequency of the injected data stream.

It is worth remembering, that the injected signal has a peak at 1567 nm , hence it is
separated from the DBR emission by 10 nm. In Fig. 6.4a three additional modes appear
between modes 1,2 and 3. The FSR between those modes corresponds to 10 G H z, match-
ing the bit-rate of injected signal. In Fig. 6.4b only one extra mode appears between original
laser spectra, and the FSR of 20 G H z corresponds to 20 Gb/s. In Fig. 6.4c no extra modes
are present, which corresponds to 40 Gb/s, however, in this case modification of the spec-
trum can be observed by means of the change in the power distribution among the modes
and the FSR between them to 39.82 GHz. The signal injected at 1567 nm leads to al-
teration of the free running frequency frequency of the DBR LD according to the bit-rate
injected. This proves the synchronization of the DBR LD to the bit-rate of the injected
signal. Additional evidence can be concluded from the analysis of the optical linewidth
of the dominant mode presented in Table 6.2. This linewidth undergoes reduction due to
reduction of phase-noise associated with optical modes in result of synchronization.

Signals produced on the PD and recorded with the RF spectrum analyzer for all injected

data streams and for a free running laser are presented in Fig. 6.5 for sake of comparison.
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Table 6.2: Optical linewidth of the dominant mode measured for different injected data-
rates at 0 d Bm of average injected power.

Free running Bit-rate
39.7 GHz 10 Gb/s | 20 Gb/s | 40 Gb/s
Linewidth (MHz) 74.1 40.4 43.87 43.8

Regardless of the injected signal data rate, the DBR laser produces a spectral component
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Figure 6.5: Spectral response of DBR device for injected pulse trains with 10, 20 and
40 Gb/ s repetition rates marked with labeled arrows.

at frequency 39.82 GH z, with a linewidth of less than 12 M H z. By comparison with the
free-running spectrum it is noticeable that the peak frequency is shifted by 120 M H z from
39.7 GH z and the FWHM linewidth is reduced by 30 M H z. The Q factor has improved
from value of 1333 up to 3318. The DBR laser is synchronized by the injected optical
signal for each of the bit-rates. This proves that the beat tone and the output pulse stream
generated by the DBR LD is locked with original clock signal and reveals potential of this
type of a laser for clock recovery at 40 Gb/s in all optical fashion from incoming data
signals at 10 Gb/s, 20 Gb/s and 40 Gb/s.

The feasibility of the passively mode-locked DBR laser diode for clock extraction from

various bit-streams with repetition rates corresponding to its free running frequency and
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its sub-harmonics have been demonstrated. In the following paragraph PML QDash LD is
studied for the injection of the optical data signal with repetition rate equal to the higher

order harmonic of its natural modulation frequency [6].

6.3 All optical clock recovery at 40 Gb/s with PML QDash laser

diode from 160 Gb/s RZ optical data stream

The response of the QDash FP laser diode described in Chapter 4 for the injection of the
optical data stream at 160 G'b/s is studied in this section. The tested laser is set on the
ceramic sub-mount and placed on the probe station with two DC probes in order to provide
bias and ground connections. Temperature is controlled at 25 °C'. The optical output of the
laser is coupled with lensed fibre with focal length of 3.5 um. The response of the device

is investigated in terms of feasibility for all-optical clock extraction.

6.3.1 Experimental setup and results

The experimental setup that was built in order to optically inject with data and investi-
gate the response of the QDash FP LD is depicted in Fig. 6.6. It consists of four sections:

10 Gb/s PRBS source, bit-rate multiplication, clock extraction, and detection. The 10 Gb/s
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Figure 6.6: Experimental setup for demonstration of all-optical clock recovery, performed
by MLLD subjected to an optical injection with a 160 Gb/s RZ (23! — 1) long data stream.
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source features 10 Gb/s pulse pattern generator (PPG), which drives Mach-Zehnder optical
modulator (MZM) with a data output and locks the tunable mode-locked laser (TMLL) with
a 9.98 GH z clock signal. The TMLL is set to produce 1.5 ps long pulses with 10 Gb/s
repetition rate. Optical isolator (ISO) secures the TMLL from back-reflections. Polariza-
tion controller allows adjusting the input signal to the MZM. At the output of this section
an error-free 10 G B/ s return to zero (RZ) optical data with 23— 1) long pseudo random
bit sequence (PRBS) is provided. Additionally the electrical trigger from the PPG clock
output is connected to the trigger input of the optical sampling oscilloscope (OSO). Bit-rate
multiplication section consists of two Erbium doped fibre optical amplifiers (EDFA 1 and
EDFA 2), optical bit-rate multiplier (OMUX), and an optical bandpass filter with 6 nm
bandwidth used to suppress the amplified noise. The signal at the output of this stage at
160 Gb/s is distributed to the detection stage for monitoring of the quality of the multi-
plexed data, and to the clock recovery module. In the latter the signal is being injected to
the QDash LD via optical circulator. A polarization controller (PC 2) and variable optical
attenuator are used to optimize the polarization and the power of the signal injected into the
laser diode. The QDash LD operates at bias level of 111 m A and is temperature stabilized
at 25 °C. The output of the laser is transferred to the third port of the circulator and fil-
tered out spectrally from the injected data signal with 5 nm optical bandpass filter centered
at 1532 nm. Output of the filter is passed to the detection section where it is amplified
with EDFA 3 and distributed to 500 GH z bandwidth OSO with a resolution of 0.8 ps,
and 50 G H z photodetector connected to the 40 G H z electrical spectrum analyzer (ESA).
The optical 160 Gb/s RZ signal at the output of the multiplication is shown in Fig. 6.7. It
features a Q /v factor of 5.7 d B which assures that the signal is error-free [7] after the mul-
tiplication stage. It has to be mentioned that in the context of this section the Qg factor

is equivalent to signal to noise (S/N) parameter for data modulated signal and is expressed

by [7]:

P — P
= 6.1
Qs/N 50 + 01 6.1
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with Py, Py and d1, dg being 1 and 0 levels and their standard deviations respectively.

power (mMW)

10 20 30 40 50 60 70 80 90 100
time (ps)

Figure 6.7: 160 Gb/s RZ Eye diagram recorded with OSO with resolution of 0.8 ps. The
eyes feature (5, factor measured directly at 5.7 dB.

This optical bit stream is injected to the QDash LD with a power of 10 d Bm measured at
the VOA - this does not include the losses on the circulator and coupling losses estimated to
be at least of 6 dB. Electrical spectrum recorded as a response of the tested device for given
injection is presented in Fig. 6.8. For the sake of comparison the spectrum under injection
is overlapped with a spectrum when the device is free running - no optical injection - at the
same bias and temperature conditions.

The RF signal shift can be noticed from 39.805 GH z to 39.813 G H z with large de-
crease of the FWHM linewidth, which is highlighted by a single side band (SSB) spectral
noise with respect to the carrier frequency plots in Fig. 6.8b. A more detailed view of the RF
peaks produced on the photodetector is shown in Fig. 6.9. The data is recorded with a res-
olution of 10 kH z in case of the free running laser, and 10 H z for externally locked case.
Reduction of the FWHM linewidth from 50 kH z (measured as FWHM of a Lorentzian
curve fit to the presented data) in free running condition to 8 H z when device is subjected
to the injection of an external optical data stream. These results show the change of the
fundamental frequency of the beat tone to a new one enforced by the external optical sig-
nal four times higher bit-rate, and large phase noise reduction due to improved inter-modal

synchronization. To confirm the synchronization with the data and original clock at PPG,

&4



-10 4
-20 4
-30 4

-40 : . . . : . 4

Power density [dBm/Hz]
SSB spectral noise [dBc]

-50 X . - . . 4

-80 —60 5 6 7 8
39.79 39.8 39.81 39.82 39.83 10 10 10 10
Frequency [GHZz] Frequency offset [Hz]

(a) RF spectra. (b) SSB spectral noise.

Figure 6.8: RF spectra and single side band spectral noise for: free running QDash laser
(red) and its response for injected pulse train at 160 Gb/s (blue). In both cases LD operates
under DC-bias at 111 mA.
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Figure 6.9: RF spectra for: free running QDash laser (red) at 5 M H z span, and its response
for injected pulse train at 160 Gb/s (blue) recorded at 600 H z span.
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the optical signal is analyzed with the OSO which uses the original electrical trigger from
the PPG. The stable waveform recorded at the filtered output from the QDashed laser is
depicted in Fig. 6.10. The recorded 40 G H z waveform is synchronized with the original
clock from the PPG. It features a (g, factor of more than 6dB. The clock is recovered
in all-optical meaning from the incoming 160 Gb/s RZ data stream. Clock signal extracted
in this fashion can be utilized for example in high bit-rate time division demultiplexing

approaches.

power (mW)

time (ps)

Figure 6.10: Waveform corresponding to the 40 Gb/s recovered clock triggered by original
electrical clock signal from PPG.

6.4 Summary

Two semiconductor lasers previously demonstrated to have a signature of passive mode-
locking successfully synchronized their free running frequency to the one of the injected
optical bit stream. The DBR laser can be synchronized with various bit-rates corresponding
to the fundamental free running frequency of the tested laser and its sub-harmonics. The
QDash FP laser employed into 160 Gb/s data transmission system locks to its clock and
produces the output at 40 Gb/s. These prove the potential of passively mode- locked laser
diodes to serve as an all optical clock extraction elements, which can be further utilized in
all-optical data processing schemes at high data rates.

The frequencies at which presented devices were operating so far were in the RF band
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and able to respond for signal reaching the millimeter range. It is possible however, to
achieve a passively mode-locked laser diodes with free spectral range within the terahertz
band. This could result in generation and response for such frequencies by simple semicon-

ductor lasers. This will be investigated in the next chapter.
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Chapter 7

Terahertz signals generation by

passively mode-locked laser diode

7.1 Overview and motivations

The multimode semiconductor lasers presented in previous chapters allow for the gener-
ation of signals with repetition rates related to the free spectral range (FSR) among the
longitudinal optical modes present at their optical output. The bandwidth of the material
gain provided by optically active semiconductor material is sufficient to support optical
modes separated by a frequency of several gigahertz. Would the dynamics of the gain in
semiconductor suffice to respond at the detuning of a few THz? With an appropriate longi-
tudinal mode selection mechanism a laser diode should provide a discrete mode output with
FSR in terahertz band. However, would it be possible to observe a THz signal and passive
mode-locking? Such questions will be answered in this chapter.

The following sections discuss briefly terahertz technology, and its importance in var-
ious disciplines of science is stressed. The slotted Fabry-Pérot laser diode operating in
multimode regime with terahertz separation frequency is demonstrated. Generation of a
THz beat tone on an ultra fast photomixing element, along with a direct emission of such

radiation by these type of semiconductor lasers will be studied.
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7.2 Introduction: Terahertz technology

The term terahertz was firstly used in 1970 to describe the frequency range of the emis-
sion of a HeNe laser. Nowadays, the terahertz term refers to the submillimeter-wave en-
ergy that falls into the wavelength range between 30 pm and 1000 pm that corresponds
to frequencies of 300 GH z to 10 T H z, as presented in Fig. 7.1. This range fills the gap
in the electromagnetic spectrum between microwaves and far infrared. While the bottom
limit with millimeter-wave band is quite precisely defined by components with upper op-
erating frequency reaching 300 G H z, the top border is not well defined and can vary in

publications from 3 T Hz to 10 THz [1].
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Figure 7.1: The terahertz band in a view of broad electromagnetic spectrum. Source:
www.advancedphotonix.com.

For many years the terahertz band, despite being of interest to scientists since 1920,
has remained nearly unexplored when compared to other parts of the EM spectrum [1].
Predominantly this is due to little commercial support for terahertz systems, as signals at
these frequencies have very limited atmospheric propagation compared to microwave and
optical bands. The term terahertz gap is often used to highlight that fact. The only areas
incorporating terahertz technology were high resolution spectroscopy and remote sensing
for characterization of thermal emission lines for a variety of lightweight molecules. In
such context the amount of information provided could not be matched with other parts of
EM spectrum. A lot of effort of research centers have been put towards improvement of the
detectors and sources covering terahertz band, and these allow for the emergence of THz

technology beyond the strictly scientific areas into commercial applications i.e. medical
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examination, quality control or security screening systems.

7.2.1 Terahertz applications

The photon energy band between 1.2 and 12.4 meV, or in term of wavelengths from 1 mm
to 100 pum, corresponds to black body temperature between 14 and 140 K, below that of
ambient background temperature on Earth. Spectral traces of interstellar dust clouds in that
range contain a lot of spectral lines attracting the attention of astronomers and their interest
in terahertz sensors. Another astronomic application for terahertz sensors is the observation
of planetary and small-body (moons, asteroids and comets). Atmospheric compositions
and dynamics of these bodies are useful in modeling Earth’s atmosphere and gives insight
into the evolution of the solar system [1]. Terahertz systems are often used in plasma fu-
sion diagnostics. Data like electron density as a function of time and position in a plasma
core, and power spectrum temperature distribution along plasma radius can be retrieved
with different measurement techniques. Sub-millimeter spectroscopy is one the oldest ar-
eas exploiting the terahertz signals. Measurements are performed with broad-band Fourier
transform spectrometers with use of thermal sources and bolometric detectors [1]. Many
of the following technologies like heterodyne instrumentation and more modern direct de-
tectors originate from this field. An advantage of sub-millimeter-wave spectroscopy is that
lighter molecules have very strong emission or absorption lines due to rotational and vibra-
tional excitations which peak in the sub-millimeter band. Radar and communications appli-
cations are severely limited by the atmospheric opacity at terahertz frequencies. However,
inter-satellite transmission systems can benefit from a smaller antenna size than that for
radio-frequency needed to produce highly directional beams and large bandwidths offered
by terahertz carriers. Stratosphere operation is advantageous for terahertz communication
or radar systems because of low scattering and better penetration through the dust or clouds
compared to IR and optical wavelengths [1]. Use of terahertz sources to illuminate scale
sized models of large objects to simulate radars signal scattering that would be obtained at
lower frequencies on objects of actual size was proposed [2]. The cost of such a system

is attractive when compared to real dimensions anechoic chambers [1]. One of the most
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vibrant applications, especially from a commercial point of view, is terahertz time domain
spectroscopy or T-ray imaging [3, 4]. This technique, by processing measurements of trans-
mitted or reflected terahertz energy incident on the sample, reveals spectral content, time of
flight and direct strength for imaging. The principle involves generation and detection of
EM terahertz transients. By scanning the delay line and simultaneously gating or sampling
the terahertz signals incident detector, a time domain waveform proportional to the tera-
hertz field amplitude and containing the frequency response of the sample is produced [1].
Scanning either the generator or the sample allows the building of two dimensional images
over time. T-ray imaging system are attractive tools for medical examination [5-7] and
security screening [8—10]. Nowadays terahertz EM radiation is considered to be harmless,

and non-destructive for probing of biological materials or electronic parts.

7.2.2 Terahertz components

Components that are used in terahertz applications fall mainly into two categories: sensors
and sources. However, guiding structures, quasi optics, antennas, filters and sub-millimeter

materials are also important contributors.

7.2.3 Detectors

Critical parameters for detection at terahertz frequencies are low photon energies between
1 and 10 meV that result in a need for cryostatic conditions for detector operation, long
integration time radiometric techniques or both in order to reduce the effect from ambi-
ent thermal noise which naturally dominates emitted narrow-band signals. A large Airy
disk diameter (hundreds of micrometers) makes it necessary to use a mode converter or
antenna between signal and detector element [11]. Most common sensors are based on
heterodyne detection since the dominant area for terahertz technology was high resolution
spectroscopy. However this is changing and more emphasis is put towards direct detection

techniques and components.
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7.2.3.1 Heterodyne semiconductor detection

Signal acquisition is accomplished by signal frequency down-conversion where a signal
in the THz range is converted to the RF range, and post amplification at lower frequency.
A Schottky diode mixer is the preferred down converter for the terahertz range. This tech-
nique requires a local oscillator (LO) operating at terahertz frequency (narrowband terahertz
source - FIR gas or more recently quantum cascade laser - in order to achieve intermediate

frequency (IF) in RF range.

7.2.3.2 Heterodyne superconductor detection

High sensitivity detectors rely on cryogenic cooling for terahertz operation. Several super-
conducting detectors have been developed based on the Josephson effect [12], supercon-
ductor - semiconductor barriers (super Schottky) [13], and bolometric devices. However,
the superconductor - insulator - superconductor (SIS) tunnel junction mixer has become an
equivalent to the Schottky diode down converter in terms of operational frequencies. The
current flow mechanism is based on photon-assisted tunneling [14]. Similarly to the Schot-
tky diode, the SIS mixer relies on high nonlinear VI characteristic. The advantage of the
SIS mixers is their low LO power requirement in comparison with Schottky diodes.

An alternative to the SIS mixer is the transition-edge or hot electron bolometer (HEB)
mixer [15]. Modern HEB mixers are based on micro-bridges of niobium niobium-nitride,
niobium-titanium-nitride and more recently aluminum and ytterbium-boride-copper-oxide
(Y BCO) based materials that respond thermally to terahertz radiation. Micrometer or even
smaller sized HEB devices can operate at very high speeds through fast photon or electron
cooling [16]. Required LO power is even lower than in case of SIS mixers being at 1 to

100 nW range and operation above 5 T'H 2 has been reported [17].

7.2.3.3 Direct detectors

For applications that do not require ultrahigh spectral resolution, heterodyne systems are

being replaced by direct detectors, for example: Small area GaAs Schottky diodes [13]
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used as antennas, coupled square-law detectors, conventional bolometers based on direct
thermal absorption and change of resistivity, composite bolometers with thermometer or
readout integrated with the radiation absorber, micro-bolometers using antenna to couple
power to a small thermally absorbing region [14, 18, 19], and Golay cells. The last ones are
based on thermal absorption and expansion of a gas in a sealed chamber. The changes in the
volume via displacement of a mirror in an optical amplifier or an acoustic bolometer, are
detected and monitor the change in pressure of heated air cell using photo-acoustic detector,

and a fast calorimeter [20] based on single-mode heating of an absorber filled cavity.

7.2.4 Sources

The most difficult component to realize in sub-millimeter system is a source. There are a
few reasons for such a situation. Traditional electronic solid-state devices based on semi-
conductor materials, i.e. oscillators and amplifiers are limited by parasitic and transit times
that cause frequency roll-off and resistive loss effects become too high at such wavelengths.
Tube sources suffer from physical scaling problems and they need extremely high electric
and magnetic fields as well as high current densities. Optical style sources like solid-state
lasers must operate at cryogenic cooling conditions to operate at low energy levels (~ meV)
[1]. Successful techniques for terahertz signal generation are based on frequency conver-
sion, either up-conversion from RF signal or downconversion from optical signal. This is
realized by laser to laser pumping (far-IR to sub-millimeter downconversion) or with use of
Schottky diodes multiplication (up-conversion from RF band). Other approaches to achieve
narrow-band terahertz power involve: optical mixing on nonlinear crystals [13, 14], pho-
tomixing [15, 19-21], picosecond laser pulsing [22, 23], laser sideband generation [24, 25],
inter-sub-band and quantum cascade lasing [26, 27], direct semiconductor oscillation with
resonant tunneling diodes [28-30], direct lasing gases [31], and Josephson junction oscilla-

tions [32].
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7.2.4.1 Upconversion techniques

The most common technique to produce power above the microwave band is through non-
linear reactive multiplication of lower frequency oscillators [1]. The most reasonable ap-
proach is to multiply and amplify from microwave frequencies (20 GH z to 40G H z) avail-
able through voltage controlled oscillators (VCO) or dielectric-resonator oscillators (DRO)
and millimeter wave up-converters. W-band (75 GHz -110 GH z) InP MMIC power am-
plifiers [33] are commercially available, able to achieve 300 mW to 400 mW at 100 GH z
frequency. In order to convert from W-band to terahertz frequencies through solid state
up-conversion, several octaves must be covered. As higher order multipliers (> x4) offer
poor conversion efficiency, the most efficient solutions are based on series chains of dou-
blers or triplers. Multiplied planar GaAs Schottky barrier diodes mounted on single-mode
waveguide are used in most of today sources [34]. Small electrical size and assembly con-
straints led to some extremely low loss device topologies [35]. In addition, for high order
multiplying due to low efficiency of the power handling capacity of the first few stages of
the chain [1] - a multiple of elements in series can be added to even the heat and voltage
distribution. Multiplier chain driven by amplified source at 100 G H z has reached 1.2 T H z

with 75 uW at room temperature conditions and 250 W when operated at 130 K.

7.2.4.2 Tubes

Terahertz tube sources [36] are based on emission from bunched electrons spiraling about
in strong magnetic fields: backward-wave tubes or carcinotrons offer the most power and
wavelength tunability at sub-millimeter range. Bench top commercial units can reach to
1.2 TH z with mW levels of power, but coupling to actual antenna suffers from multimode
output of the tube - power coupled can be 1/1000 compared to total output power. Avail-
able tubes operate at voltages from 2 to 6 £V, and a magnetic field around 1 7" can be
achieved from samarium cobalt permanent magnets. They can sweep the range over ten
gigahertz at kilohertz rates. Lifetime of such devices is less than a few thousands of hours

which increases their cost, however there are some efforts to refresh klystron or other tube
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configurations with modern monolithic fabrication techniques [36, 37].

7.2.4.3 IR-pumped gas lasers

Another commonly used source at terahertz frequencies is the IR-pumped gas laser [1].
Constructions are usually based on grating tuned COy pump lasers at 20 to 100 W in-
jected power into low-pressure flowing-gas cavities that lase to produce terahertz signals
[1]. Power levels of 1 to 20 mW can be reached based on the chosen emission line - one
of the strongest emission lines is from methanol at 2522.78 GH z. Not all frequencies in
THz regime are covered by strong emission lines and some gases are very toxic. Nonethe-
less, gas lasers are used in spectroscopy and as terahertz local oscillators (LO) in receivers

[38, 39].

7.2.4.4 Sideband sources

A harmonic generator driven by a laser - far infrared (FIR) gas laser - mentioned in the
previous paragraph to create side band source [25, 40], offers more flexibility in tuning

compared to IR-pumped gas lasers.

7.2.4.5 Quantum cascade lasers

Direct semiconductor terahertz laser sources based on inter-sub-band transitions and quan-
tum cascade lasers [41-43] are also a source of THz radiation. Most of these lasers require
temperature cooling. Most recent lasers target a frequency range around 3 T'H z at tem-
perature controlled at 164 K in a pulsed mode operation and at the temperature of 117 K
with CW operation. For these lasers, the temperature increase results in a large decrease of
emitted power [44]. The incorporation of large second-order susceptibility into the active
region of that type of lasers operating in dual-wavelength mode allows the generation of
THz signals corresponding to the difference-frequency. This will eventually allow opera-

tion at room temperature conditions [45].
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7.2.4.6 Optical regime downconversion

One of the most successful commercial technique to generate terahertz energy is downcon-
version from optical regime. Two principal methods have been exploited to produce both
narrow and broad-band signals. Photomixing [15, 21, 46], uses the difference frequency of
two locked CW lasers focused onto a small area of a photoconductor with very short (less
than 1 ps) carrier lifetime, e.g. low temperature grown (LT'G) — GaAs, to photo-generate
carriers between less than 1 um spaced electrodes acting as a source and a drain. These
electrodes are printed on the semiconductor material. The induced photo-carriers produce
a photocurrent modulated at the lasers detuning frequency. This current is coupled to an
RF circuit or to the antenna that couples or radiates the terahertz energy [1]. The resulting
signal is characterized by a narrow bandwidth, eventually phase-locked and tunable over
the full terahertz span by shifting the optical frequency of one of the lasers. The opti-
cal to terahertz frequency conversion efficiency is less than 10~ for a single device [46],
and it decreases with the increase of the frequency - maximum output power of 1 W at
1THzdrops to 0.1 uW at 3 T'H z. The temperature cooling and stacking of photomixers,
and or improving the semiconductor materials can lead to a better conversion efficiency
and maximum power. The resulting narrow-band and tunable THz signal generated with
such a device, can find applications mostly in areas like radiometry and communications
[47]. A second optical approach to produce the terahertz radiation is based on femtosec-
ond ultra short optical pulses illuminating a photo-conductor such as silicon-on-sapphire or
LTG GaAs confined between two electrodes. The generated carriers are accelerated by an
applied electrical field (Iess than 100 V). The resulting current surge, which is coupled to
an antenna, has a broad frequency spectrum corresponding to the optical pulse duration, i.e.
terahertz rates. Similar results can be achieved by applying short optical pulses to a crystal
with strong second order susceptibility x? (field induced polarization) such as zinc telluride
[48]. Due to higher order susceptibility nonlinear response, this produces time varying
polarization with frequency response linked to the pulse duration time, i.e. terahertz fre-

quency. T-ray systems are based on this technique [47, 48]. Similarly to the photomixing
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technique, energy can be radiated from antennas printed on semiconductor antennas. Typ-
ical frequency range is between 0.2 T'H z and 2 T H z, or higher depending on laser pulse
parameters. Average powers over the entire spectrum are very low: between nanowatts and
microwatts with pulse energies in the femtojoule to nanojoule range [1].

The discussion in further parts of this chapter with respect to terahertz signal generation
by passively mode-locked laser diodes, will rely on the optical regime downconversion
presented in this section, regardless of particular implementation: indirect via photomixing,

or direct due to intra-cavity effects.

7.3 Dual-mode slotted Fabry-Pérot laser diode with THz free

spectral range

A laser diode similar in structure to the one described in Chapter 4 is investigated. It is
a single cavity device featuring multimode output with a free spectral range of 372 GH z.
Such frequency falls into the terahertz band. Static and dynamic characterizations of the
laser diode are performed. The device is mounted in TO packaging and settled in a temper-
ature stabilization block, as shown in Fig.7.2. Through all testes device is operated under

DC bias conditions and temperature controlled at 25 °C.

7.3.1 Laser under test structure

A single cavity semiconductor device based on multi quantum well (MQW) structure formed
of five quantum wells is shown in Fig.7.3. The wells are 6 nm thick and based on AlGaAsIn
compound and the barriers are 10 nm thick and made of AlGaAsIn. The device is 350 um
long, with 2.5 yum wide slotted ridge waveguide. Slots are implemented as shallow etched
grooves at the top of the ridge - they do not reach the active region, however, they are able to
cause a change in the value of the refractive index underneath. The introduced slot pattern
allows the laser to operate in stable dual-mode regime under DC bias conditions with mode
separation of 372 GH z [49]. . The laser diode was designed, and manufactured by Eblana

Photonics, Ireland.
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Figure 7.2: Slotted FP LD in temperature control block based on thermoelectric cooler
(TEC). Through all measurements the laser is maintained at 25 °C.

7.3.2 Steady state characterizations

Initially the laser diode is characterized under continuous wave (CW) operation. Through
all experiments the laser under test is supplied with a DC-bias and temperature stabilized at
25 °C'. Control of current source and measurement data acquisition and presentation is sup-
ported by programs written in LabView© and Matlab® environments. Characterizations of

dynamics in the laser are carried out in further sections of current chapter.

7.3.2.1 Experimental setup

The experimental setup used for steady state characterizations is shown in Fig.7.4. The
tested laser is mounted in a temperature control block as shown in Fig.7.2, and temper-
ature held at 25 °C'. The optical output is coupled with a lensed optical fibre placed in
a fibre holder on a three-axis micropositioning stage. An optical isolator (ISO) prevents
reflections from other parts of the setup. An optical coupler distributes the collected op-

tical signal among optical power meter (OPM) and optical spectrum analyzer (OSA). The

voltage across the laser is directly read out for the current source.
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Figure 7.3: Slotted Fabry-Pérot laser schematic structure of the device, scale not main-

tained. The length of the laser’s cavity is of 350 pum.
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Figure 7.4: Experimental setup used for steady state characterizations of the slotted FP
laser diode. Device is DC biased and temperature stabilize at 25 °C.

7.3.2.2 Voltage vs bias current and optical power vs bias current characteristics

With the slotted Fabry-Pérot structure the voltage across device and optical output power
were measured as a function of applied DC bias current. The voltage across the laser junc-
tion versus current characteristic (VI) is presented in Fig.7.5. The voltage drop across the
laser reaches a maximum value of 1.6 V' at 100 mA. The impedance is ranging for 70 €2 to
18 © in the examined bias currents scope. The optical power versus injected current curves
(LI) in Fig.7.5, indicate the threshold current at I;, = 18 mA. The LI curves are taken by
both increasing and decreasing the bias current in the range from 0 mA to 100 mA. There
is an overlap between these LI curves, hence there is no spurious saturable absorber section

in the device, which might be at the origin of the laser mode-locking.
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Figure 7.5: The VI and LI curves measured with temperature stabilized at 25 °C', marked
with circles (o) and diamonds(¢) respectively.

7.3.2.3 Spectral characterization

The optical spectrum is recorded with a standard optical spectrum analyzer offering 5 GH z
of optical resolution. Laser diode bias current is set at 88.7 mA and temperature is con-

trolled at 25 °C' and the collected data is shown in Fig.7.6.
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Figure 7.6: multimode operation, optical spectrum recorded for Ip;,s = 88.7 mA at at
temperature maintained at 25 °C'.

102



With above bias and temperature conditions the device operates in a stable multimode
regime with power distributed almost evenly among both dominant modes. The two domi-
nant modes (denoted 1 and 2 on the figure) are localized at 1553 nm and 1556 nm respec-
tively with a separation of 3 nm which corresponds to the frequency of 372 GH z at this
wavelengths. Background ripples separated by 1 nm correspond to Fabry-Pérot resonance
of a 350 um long device with a 3.5 refractive index. Two lateral modes marked 3 and 4,
on both sides of the dominant ones are pulled out of central positions of the Fabry-Pérot
resonant ripples visible at the background of the spectrum. This is evidence of strong FWM
nonlinearities affecting the optical signal inside the cavity, which acts as a passive mode-
locking mechanism. Additional products of FWM effects numbered 5 and 6, can be seen at
a further distance from the dominant modes, which is twice the free spectral range between
them. These, however, are unable to initiate the lasing - these can be a result of the lack of
the gain and/or suppression of these wavelengths by the slot pattern used. The separation
between longitudinal modes is beyond 100 GH z so FWM is dominantly benefiting from
carrier heating (CH) and spectral hole burning (SHB) nonlinearities. With use of LabView®©
based control software precise control of the provided bias current and monitoring of the
temperature conditions is accomplished. A set of optical spectra is collected as a function

of bias current as presented in Fig.7.7.
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Figure 7.7: Optical spectrum evolution with increase of the bias current. Temperature sta-
bilized at 25 °C'

The spectral evolution of the optical output of the slotted FP LD can be observed. For all
the currents above the threshold the device operates in multimode regime, for the currents
ranging from 85 mA to 95 m A the power is balanced among dominant modes, the nonlinear

interactions are enhanced and further lateral modes appear.

7.3.2.4 High resolution optical spectrum analysis

With a similar experimental setup where the standard optical spectrum analyzer is being
replaced with a high resolution instrument - "BOSA’ by Arragon Photonics © - the spectral
width of the optical modes can be measured. The optical output of the laser under test when
it operates in dual-mode conditions is recorded with 10 M H z of the optical resolution, and
presented in Fig.7.8.

The FSR between all optical components corresponds to a frequency of 372 GH z. The
FWHM linewidths are measured directly at 3 dB drops from the maxima. They vary from
14 M H z at shorter wavelengths to 161 M H z at the longer wavelength parts of the spec-
trum. The summary linewidth of all optical modes is measured at ) | Av,,; = 246 M Hz.

Measurements presented in this section show that the laser under test is able to oper-
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Figure 7.8: High resolution optical spectrum recorded with BOSA® system recorded at
dual-mode operation conditions.

ate in a stable multimode regime for a wide range of bias currents at room temperature
conditions. All longitudinal modes originate from the same optically active semiconduc-
tor medium which induces nonlinear relations between them. Optical spectra recorded for
currents where the optical power is evenly distributed among the modes contain features
resulting from four wave mixing nonlinearities. These are clearly visible on both sides of
the dominant modes at the spacing corresponding to the integer multiples of the FSR be-
tween them. In order to investigate the impact of these nonlinear intra-cavity interactions
on the optical signal emitted from such multimode laser, some dynamic characterizations

are carried out in the following section.

7.4 Terahertz modulations in optically active semiconductor ma-

terial
It was demonstrated in the previous section that optical modes originating from single laser
diode undergo nonlinear mutual interactions inside the laser cavity. These interactions of

the optical fields result in a process of four wave mixing. The FWM in optically active

semiconductor material is associated with modulation of that material at the separation
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frequency between optical components. Dynamic characterizations of the slotted FP LD
are carried out in this section in order to identify such intra-cavity modulations and their

impact on the optical output of the laser.

7.4.1 Intracavity modulations in the semiconductor laser through FWM ef-

fect at 372 GHz

In order to identify the intra-cavity modulations at terahertz frequencies in the slotted FP
LD introduced previously in this chapter, the CW injection scheme presented in Fig.7.9 is
used. The device under test (DUT) operates at 90.25 m A and is temperature stabilized at
25 °C'. The optical output from the tested laser diode is coupled with lensed fibre with focal
length of 3.5 mm connected to the second port of optical circulator - injected CW probe
beam from the tunable external cavity laser (ECL) follows the same patch but in opposite
direction. The optical isolator (ISO) prevents back-reflections from the setup to the ECL.
The CW signal from the ECL is provided via the optical polarization controller (PC) to the
first port of the circulator. The polarization of the injected beam is adjusted to match the
polarization of the laser’s waveguide for optimum interaction with the optical fields inside

the cavity. A standard optical spectrum analyzer working in increased sensitivity mode

lias =90.25 MA

— 3 —

- ISO PC -

ECL i{{ 1 2 \\ SIottLeEc)i FP

OSA

Figure 7.9: Dual-mode slotted FP LD subjected to injection of CW signal from tunable
ECL source. DUT operates in stable dual-mode regime, with bias at 90.25 mA and tem-
perature stabilized at 25 °C.

with optical resolution of 0.02 nm (2.5 GHz at 1550 nm) is used to monitor the output
from the tested LD at the third port of the optical circulator. In the Fig.7.10 the optical
spectrum collected from the laser under test without the CW signal injected is shown. For

these bias and temperature conditions the laser operates in stable multimode condition with
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Figure 7.10: Optical spectrum collected from DUT when it is DC biased at 90.25 m A and
temperature controlled at 25 °C'.

four modes clearly above the background level. The background consists of FP resonant
ripples separated at around 123 GHz. The power distribution among the two dominant
modes is slightly unbalanced, however at these conditions original emission is maintained
at this part of the spectrum when the laser is subjected to the optical injection of the probe
beam. The probe beam is a CW signal from the ECL at 1509 nm with a nominal linewidth
of 100 kH z. The wavelength of the probe beam is chosen in order to keep it sufficiently far
from the emission of the tested laser, and to avoid possible additional beat components that
could result from the beat between probe signal and the original modes from tested device.
Injected CW signal has a power of 5.5 dBm measured at the output of the ECL. Spectra
recorded at these conditions are presented in Fig.7.11. After injection of the probe beam
two modulation sidebands appeared in the surrounding of CW signal. They are equidistant
from the probe signal at the frequency of 372 GH z which is the same as the free spectral
range between the two dominant modes originally present at the output of slotted FP LD.
This proves the intra-cavity modulation of the optically active semiconductor material with
the frequency corresponding to the detuning frequency of the longitudinal modes in the

multimode semiconductor laser.
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Figure 7.11: Optical spectrum collected from tested laser when subject to the injection or
CW probe signal at 1509 nm and 5.5 dBm.

In the next section a laser of similar structure with free spectral range of 1.1 THz is

tested in the same fashion.

7.4.2 Slotted FP laser diode with intra-cavity modulation at 1.1 THz

The slotted FP LD is structurally identical with the laser introduced and characterized in
Chapter 4, except for the number and placement of the slots. The infrared output presented
in Fig.7.12 is collected with a standard 5 GH z optical resolution OSA. The laser diode
was manufactured by Eblana Photonics, Ireland, with a customized (by author’s group)
waveguide slot pattern. The recorded spectrum at 67 mA features two dominant modes
separated by frequency of 1.1 T'H z. Additional lateral modes indicating four wave mixing
interactions inside the laser cavity are clearly visible above FP resonant ripples.

The experimental scheme presented in Fig. 7.9 is used to identify if an intra-cavity
modulation is generated in this laser. The CW probe beam from the ECL is positioned at
wavelength of 1524 nm in order to separate it spectrally from the original emission of the
laser. Two optical spectra are presented in Fig.7.13 recorded from the laser diode.

The device is biased at 67 mA and temperature controlled at 25 °C. The sideband
resulting from intra-cavity modulation appears on the shorter wavelength side of the probe

beam. Spectral separation of the sideband from injected CW signal is at 1.1 T'Hz and
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Figure 7.12: The multimode output from the slotted FP laser diode with FSR between

dominant modes at 1.1 TH z. Device is dc biased at 67 mA and temperature stabilized at
25°C.

equals the free spectral range between two dominant modes. It is worth noticing that on the
longer wavelengths side of the spectrum, the intensity of the background FP ripples is high
at the distance where the second modulation sideband is expected - it may be buried in the
background.

It was demonstrated in the last two experiments that the gain of the semiconductor
laser undergoes modulations resulting from the beating of the intra-cavity modes with the
detuning between them in the terahertz range.

In the following section dominant modes emitted by the device with FSR at 372 GH z
will be examined with use of the FROG setup, and the performed experiment will allow to

observe the temporal evolution of these modes affected by gain modulations.

7.4.3 Terahertz modulations on the optical carrier - frequency resolved opti-

cal gating detection

The impact of the intra-cavity modulation demonstrated in the previous section on the op-
tical output is investigated. Temporal analysis of the dominant modes emitted from tested

laser diode is performed with use of a frequency resolved optical gating (FROG) system.
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Figure 7.13: Optical spectrum collected from DUT when subject to the injection of CW
signal at 1524 nm and 5.5 d Bm; a) full span including original modes; b) magnification of
injected signal with modulation sideband. Sideband marked with red circles.

Description of the SHG FROG system was given in Chapter 6 regarding characterization of
short optical pulses. However in this experiment the FROG system will be used to observe
the temporal evolution of the laser modes. Experimental setup is presented in Fig.7.14.

The output from the tested laser is coupled with a lensed optical fibre with focal length of

Slotted FP /
LD v — —> FROG
lpias=88.7 mA

- ISO PC EDFA

Figure 7.14: Experimental setup for temporal investigation of the output from the slotted
FP LD biased at 88.7 m A and temperature stabilized at 25 °C.

3.5 mm. An optical isolator prevents back-reflections into the tested LD in order to assure
stable operation. A polarization controller (PC) is used to achieve phase matching condi-
tion required for second harmonic generation (SHG) on the crystal in the FROG system.
The high power optical amplifier (EDFA) is used in order to provide sufficient power for
SHG process. The spectrogram recorded from the free running slotted FP laser biased at
88.7 mA is presented in Fig.7.15. Two outer signals denoted 1 and 2 are corresponding to
the second harmonics of original modes launched into the FROG system, the third signal
is an additional product equal to w; + wo generated on the SGH crystal inside the FROG

system.
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Figure 7.15: Spectrogram recorded from device under test, biased at 88.7 mA.

The time evolution of the two main modes as an autocorrelation function is shown in
Fig.7.16. The autocorrelation traces are retrieved from the spectrogram by integration of the
wavelengths span around two dominant modes. The two modes undergo nearly sinusoidal
variations. The period of this variation translates to a frequency of 372 G H z which is the
separation frequency between longitudinal optical modes emitted simultaneously by slotted
FP laser. It can also be noticed that both traces are shifted by m, or in other words both
modes are in counter-phase, but their phase difference remains constant in time. The latter is
a proof of phase synchronization and therefore mode-locking in those type of laser diodes.

Fig.7.17 and Fig.7.18 show the spectrogram, optical spectrum and time variation traces
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Figure 7.16: Autocorrelation traces retrieved from FROG measurement, corresponding to
two modes emitted from DC biased tested laser diode.
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recorded from two CW tunable laser sources. They are launched into the measurement
setup with use of 50:50 optical coupler, instead of the investigated laser diode. Their output
powers are set to be equal and with corresponding wavelengths 1553 nm and 1556 nm -

separation frequency to be close to the one of the tested semiconductor laser.
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(a) Optical spectrum. (b) Spectrogram.

Figure 7.17: Optical spectrum and spectrogram recorded from two tunable lasers coupled
into the FROG system.

The autocorrelation traces retrieved in the same fashion as previously, do not undergo
any organized variations, however the signal which corresponds to the sum of the signal
frequency generated by SHG crystal inside FROG system can be seen on a spectrogram,

however it does not exist at the input to the FROG, and should be ignored.
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Figure 7.18: Autocorrelation traces retrieved from FROG measurement, corresponding to
signals emitted from tunable sources.

Comparison of two experiments carried out with the use of the FROG system allows

the assumption that optical modes traveling through semiconductor material are interacting
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with each other. Two modes originating from the same semiconductor laser cavity undergo
periodical perturbations with constant phase shift. The origin of this oscillation lies in the
nonlinear response of the semiconductor material to the optical signal passing through it
resulting in four wave mixing (FWM). This completes the observations presented in the
former section.

The frequency of the modulation, related to the separation frequency between optical
signals, falls into the terahertz range. These intra-cavity modulations are self-initialized and
sustained by the laser diode while it is provided with a single DC bias current at room tem-
perature conditions. No external modulation in any form is applied to the devices. A very
narrow (spectrally) signal is expected, as there are two optical modes strongly contributing
to the intra-cavity beating [50, 51]. The linewidth of the beat signal produced by the optical
output from the investigated slotted FP LD on an ultra-fast photodiode is assessed within

next section.

7.5 Indirect generation of narrow-band terahertz wave by dual-
mode slotted FP semiconductor laser coupled to UTC Pho-

todiode

The terahertz signal generation at room temperature via photomixing of the multimode
output of the slotted FP LD on the uni-traveling carrier photodiode (UTC-PD) will be pre-
sented. Detection scheme based on active subharmonic mixer and high bandwidth electrical
spectrum analyzer allows to evaluate the linewidth the generated signal. All components
used through presented experimental work operate at room temperature. The experimet-
nts presented in this section were carried out in collaboration with iemn research center, at

University of Lille, France.
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7.5.1 Experimental setup

The source laser is the slotted FP laser diode operating in multimode regime with two
dominant modes separated by 372 G H z, that has been introduced and studied in previous
sections of the current chapter. The uni-traveling carrier photodiode is used as a photomix-
ing element for optical beams of two different wavelengths at the emission window around
1.5 pum. It offers a bandwidth up to 1800 GH z [52]. It is monolithically integrated with a
transverse-electromagnetic-horn antenna (TEM-HA) [53] in order to efficiently couple the
terahertz signal between semiconductor material and free space. A block diagram of the
experimental setup used for generation and detection of the terahertz signal is presented in

Fig. 7.19.

Wavemeter

DUT
24=1553nm ’1 | -
2,=1556nm

UTC-PD
with
. THzAntenna

Lens

Figure 7.19: Experimental setup used for observation of terahertz signal produced by
photo-mixing element (UTC-PD) from optical modes emitted from lotted FP laser diode
at room temperature conditions.

The optical signal produced at the output of slotted FP-LD, biased at 88.7 m A and tem-
perature controlled at 25 °C' is collected by a lensed optical fiber with a power of 50 pWW.
An erbium doped fiber amplifier (EDFA) operating in constant optical power output mode
set to 13 dBm delivers the level required for the UTC-PD to operate efficiently, after con-
sideration of the losses introduced by other elements of the setup. For the same reason
photocurrent generated on UTC-PD is monitored and kept around 300 A. A wavemeter
uses 1 % power from the optical coupler for continuous spectrum monitoring. A polariza-
tion controller (PC) allows adjusting the state of polarization of the infrared beam directed
on the UTC-PD with a lensed optical fiber. An optical isolator (ISO) prevents feedback

from the reflections from the surface of the photodetector. A THz signal is generated on
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the UTC-PD and propagated via TEM-HA. A polymethylpentene (TPX) lens with 25 mm
focal length is used to collimate the radiated terahertz beam into the rectangular waveguide
of an active subharmonic mixer (MIX). The intermediate frequency signal is resolved with
an electrical spectrum analyzer (ESA), with a resolution bandwidth of 1 M H z and a sweep

time of 20 ms, with no averaging.

7.5.2 Terahertz signal and its linewidth - results

The THz signal recorded from the slotted FP LD biased at 88.5 m A and temperature con-
trolled at 25 °C'. A signal recorded for such bias and temperature conditions is shown in
Fig. 7.20 in linear scale. The measured data points are fitted with a Lorentzian curve. The

central frequency at 371.89 GH z and the linewidth of 16.9 M H z are measured.
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Figure 7.20: THz peak converted to linear scale and fitted with Lorentzian curve. Cir-
cles represent measured data points, solid line fitted curve. Linewidth measured at half
maximum.

A central frequency change is observed with relation to the level of the bias current
provided to the laser diode. Terahertz signals recorded for different bias levels are depicted
in Fig. 7.21 Dependency of the central frequency on the bias condition is presented in
Fig. 7.22. It shows a linear trend, where increase of the bias level provided to the slotted FP

LD results in an increase of the central frequency of the terahertz signal.
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Figure 7.21: Terahertz signals recorded for different bias levels provided to slotted FP LD.
Temperature maintained at 25 °C'.

The tunability of the generated terahertz signal in range of 1200 M H z with adjustments
of the bias current can be concluded. The terahertz linewidth dependence on the bias is
plotted in Fig. 7.23 along with the power unbalance/side mode suppression ratio (SMSR)
with respect to the same argument. Parabolic distribution of this parameter can be assumed
with minimum value at 16.9 M H z for a bias level on the LD at 88.5 mA, corresponding
to even power distribution among optical modes [54].

The resolution offered by the ESA allowed for unprecedented assessment of the linewidth
associated with the terahertz signal generated by dual-mode laser diode and UTC-PD. The
measured linewidth of the generated teraretz signal is smaller than the summary linewidth

of optical modes, however it is in the same order. One can write:

Afry. ~ ZAVopt (7.1)

This is insufficient to confirm the hypothesis provided by Equation 3.8, however, some
future study supported experimentally should be performed in order to investigate the ter-
ahertz linewidth more precisely. The results presented in this section were collected with

resolution of 1 M H z, however, with a long integration time of 1 s, which could lead to a
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Figure 7.22: Terahertz peak frequency dependency on the level of bias current applied to
the slotted FP LD. Measured data and linear fit.

considerable overestimation of the spectral width of the recorded signal.

The slotted FP LD and the UTC-PD operate at room temperature and require only single
DC bias in case of laser, while no bias at all is required in the case of the photomixer. The
optimization of the setup in terms of coupling efficiency would result in redundancy of the
optical amplifier and allow for a compact size, battery operated THz source for applications
compatible with megahertz linewidths [54].

It is demonstrated in former sections that intra-cavity modulations occur in optically ac-
tive semiconductor material due to simultaneous presence of number of optical fields. Fre-
quency of those modulations correspond to the separation frequency between these optical
fields. In the next section the possibility of a direct emission of the signal by a multimode

laser diode with FSR between the optical modes in terahertz range is investigated.

117



35

, 50

30

25

20

30

15

\\ / / 12 .
I /
10 Q % 1

o \\ 7/ —- 15
I 0 9 |
~ -
0 . il o) . . 10
84 86 88 90 92

Bias [mA]

Power unbalance [dB]
~
N
~
1
THz linewidth [MHz]

Figure 7.23: Power unbalance and terahertz linewidth dependency on the level of bias
current applied to the slotted FP LD, measured data denoted with (o) and (¢) respectively.
Solid and dashed lines are representing quadratic fit to experimental results.

7.6 Direct generation of terahertz signals with slotted Fabry-

Pérot laser diode

The intracavity modulation at terahertz frequency resulting from the multimode operation
of the semiconductor laser diode has been experimentally evidenced in previous chapters.
This modulation occurs in the slotted FP laser diode when it is operating without external
modulation applied by any means, with a DC-bias provided and temperature stabilized at
25 °C'. A bolometer based setup allows to investigate if this modulation while affecting the
optical modes inside the laser cavity is accompanied with a direct emission of an electro-
magnetic signal at the frequency related to this modulation. The rationale is as follows: to
generate the electromagnetic (EM) field the acceleration of the charged particles (electrons)
is required. This is the case, as the carriers in the multimode semiconductor laser are mod-
ulated according to the inter-modal beat frequency. The research activities presented in this
section were carried out in terahertz laboratories of Cavendish Laboratory at Cambridge

University, United Kingdom and Technical University of Darmstadt, Germany.
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7.6.1 Terahertz detection system - Fourier transform infrared spectrometer

with bolometer

The Fourier transform infrared (FT-IR) spectrometer combined with a bolometer as a detec-
tor offers the most sensitive form of known detection method of terahertz radiation, allowing

to resolve detected signal spectrally.

7.6.1.1 Bolometer

A bolometer is a device for measuring the energy of incident electromagnetic radiation. It
was invented in 1878 by the American astronomer Samuel Pierpont Langley. It consists of
an ‘absorber’ connected to a heat sink (area of constant temperature) through an insulating
link. The result is that any radiation absorbed by the absorber raises its temperature above
that of the heat sink - the higher the energy absorbed, the higher the temperature will be.
Temperature change can be measured directly or via an attached thermometer (composite
design). Bolometers can be used to measure radiation energy of any frequency, however for
most wavelength ranges there are other methods of detection that are more sensitive [55,
56]. For sub-millimeter wavelengths (from 200 um to 1 mm wavelength), the bolometer is
the most sensitive detector for any measurement over more than a very narrow wavelength
range. In order, to achieve the best sensitivity, cryogenic conditions with cooling down to a
fraction of a degree above absolute zero (typically from 50 m K to 300 m K) are necessary.

An example schematic picture of a bolometer’s cross-section is presented in Fig. 7.24.
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Figure 7.24: Cryostatic chamber with a bolometer [55].

7.6.1.2 Fourier transform infrared spectrometer

Fourier transform spectroscopy is a measurement technique whereby spectra are collected
based on measurements of the temporal coherence of a radiative source, using time-domain
measurements of the electromagnetic radiation or other type of radiation. The Michelson
spectrograph relies on the same principle as the Michelson-Morley experiment. Light from
the source is split into two beams by a half-silvered mirror, one is reflected off a fixed mirror
and one off a moving mirror which introduces a time delay - the Fourier transform spec-
trometer is just a Michelson interferometer with a movable mirror. The beams interfere,

allowing the temporal coherence of the light to be measured at each different time delay
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setting. By making measurements of the signal at many discrete positions of the moving
mirror, the spectrum can be reconstructed using a Fourier transform of the temporal co-
herence of the light. Michelson spectrographs are capable of very high spectral resolution

observations of very bright sources.

7.6.2 Experimental setup and results

It was shown in previous sections that the slotted FP laser is capable of emitting multimode
optical output under DC bias and for room temperature conditions. Experimental investiga-
tion with a fast photodetector and electrical spectrum analyzer has proven that the RF signal
of the frequency corresponding to separation frequency between longitudinal optical modes
can be observed at the output of the DBR leaser. However, a similar experimental setup does
not offer sufficient bandwidth to investigate the frequency range in which the separation fre-
quency of the spectrum emitted by slotted FP structure falls. Separation frequency of the
slotted FP laser at 372 G H z, falls into the terahertz frequency range, and therefore a limited
amount of equipment exists that is able to cope with it. The experimental setup, depicted
in Fig. 7.25 is used to perform tests on the slotted FP laser. It consists of two main ele-
ments: bolometer as a detector and a Fourier transform infrared (FT-IR) spectrometer as a

frequency discriminator. The tested device is temperature controlled at 25 °C' and its output
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Figure 7.25: Schematic diagram of FT-IR spectrometer combined with a bolometer as a
detector.

is coupled to the input window of the FT-IR spectrometer with two gold plated concaved
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mirrors. Inside the spectrometer the incoming signal was divided by a beam-splitter, one
leg of the signal was delayed with respect to the other with an adjustable mirror and then
both beams were combined on the bolometer. Interference signals as a function of the dis-
placement of the adjustable mirror were recorded. The Fourier transformation is performed
to produce the final spectrogram. The combination of the efficiency of the beam-splitter and
the sensitivity of the bolometer set the measurement range between 400 GHz and 1 T H z.
The interior of the FT-IR spectrometer is evacuated before measurements in order to min-
imize influence of water vapor on the measurement. The bolometer is cooled down to an
operating temperature of 3.4 K. The whole setup is placed on an anti-vibration workbench
in an electrostatic isolated chamber. We were able to record signals at a -frequency in the
vicinity of 0.7 T'H z for a range of bias currents applied to the laser diode. A single peak
recorded for 65 mA of bias current is shown in Fig. 7.26. Terahertz signal is centered

around 0.7 T'H z and it is nearly ten times stronger than background noise. This frequency

10
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Figure 7.26: Terahertz peak at 0.7 T'H z recorded from slotted FP LD operating in dual-
mode regime under DC bias and at room temperature.

corresponds to the second harmonic of the free spectral range between longitudinal optical
modes present in optical output of the laser under test. It also conforms to results retrieved

from the FROG experiment. The FWHM linewidth of the recorded terahertz signal is below
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the spectral resolution of the FT-IR system (1.86 GH z) [54, 57].

7.7 Summary

The generation of a narrow-band terahertz signal semiconductor laser device operating in
multimode regime has been experimentally investigated using several techniques. It was
demonstrated for the first time that the terahertz signals can be generated using a passively
mode-locked semiconductor laser. Signals at 372 GHz and 1.1 T'Hz were shown. The
implication of the four wave mixing in the process of gain modulation and passive mode-
locking at the detuning frequencies of 372 GH z and 1.1 T'H z was demonstrated. This is
supported by a combination of experimental evidences. However, no definite support was
directly found at terahertz frequencies for the condition formulated previously in Chapter 3
and evidenced for mmW signals in Chapters 4 and 5, which should be expressed for THz
band signal as follows:

Afra. << Avgp (7.2)

This is due to insufficient resolution of the detection schemes used in the terahertz domain.
Also the power of the generated THz signals was not evaluated as the experimental ar-
rangements utilized did not offer such measurement or were uncalibrated with a reference

source.
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Chapter 8

Conclusions and future

8.1 Conclusions

The study of multimode semiconductor lasers presented in this report demonstrated their
feasibility as sources of the signals with the frequencies from microwaves to terahertz range.

In Chapter 3 passive mode-locking operation principle for single section laser diode was
disclosed with an identification criterion of such a process. Demonstration of the RF sig-
nals and short pulse generation with use of various types of semiconductor laser structures
operating in passive mode-locking regime was performed in Chapters 4 and 5, along with
the PML process identification for each case. Behavior of PML semiconductor laser diode
under an external signal injection was investigated in Chapter 6. Potential for all-optical
clock extraction from data-streams at various bit-rates with use of DBR and QDash lasers
was demonstrated.

In Chapter 7 direct and indirect generation of terahertz signals by a single section mul-
timode laser diode, operating under DC-bias condition and in room temperature has been
experimentally evidenced. The intra-cavity modulations at THz frequencies resulting from
the longitudinal modes beating are responsible for mode-locking process and direct ter-
ahertz emission were demonstrated. Impact of these modulations on the optical signals
emitted by such a laser was also analyzed. The THz signals produced were examined in the

terms of spectral linewidth.
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The above outcomes resulted in a number of publications in reviewed scientific journals

and conferences which are listed in Appendix A of this report.

8.2 Future

The research work presented demonstrates clearly the potential of multimode semiconduc-
tor lasers for future applications, not only in telecommunications, but in all areas where
a compact size, energy efficient, narrowband terahertz sources can be utilized. There are,
however, a number of investigations which could be performed in future to complete those

presented:

e Improved investigation of the linewidth of the THz signals generated in order to sup-

port the mode-locking identification criterion.

e Measurements of the amount of the produced terahertz radiation in both direct and

indirect configurations.
e Optimization of the laser design in order to efficiently guide-out the terahertz signal.
e Polarization state characterization of generated terahertz signal.

According to the last point, polarization dependence of the emitted signal was prelimi-

nary investigated with use of the setup presented in Fig. 8.1. Output of the laser under test

THz
—_—
[] - — —
= IR T /\
S(t)eur:lc: (I |THZ polarizer | Chopper | Bolometer
controlled
block

Figure 8.1: Experimental setup for THz signal polarization dependency. Wire-grid Thz
polarizer is used at the IR filtered output of slotted FP LD under 88.7 m A of DC-bias.

operating at 88.8 mA is infrared filtered with two 5 mm thick polyethylene (PE) plates:
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one at the window of the bolometer and the other at the front of the laser diode. Signal
is passed through the wire-grid THz polarizer and chopper synchronized with lock-in am-
plifier for increased sensitivity of the detection setup. The recorded terhertz signal power

(uncalibrated) as a function of angular position of the polarizer is depicted in Fig. 8.2.
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Figure 8.2: Terahertz signal polarization dependency. Terahertz signal power is uncali-
brated.

The acquired data demonstrate that the terahertz signal emitted directly from the multi-
mode slotted FP laser diode is polarized, however some more experimental work would be
necessary in order to fully define the polarization condition of the THz wave generated in

this way.
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